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ABSTRACT?
Aggregates production is a huge global industry which uses an enormous amount of energy and 
produces a massive amount of unsaleable fines. By reducing the amount of energy used per tonne of 
material produced and/or the amount of fines produced, it would make a quarry more efficient and, 
therefore, more environmentally friendly and profitable. This research looks at modelling 
Mountsorrel Quarry, a granite quarry in the UK, using JKSimMet and Split-Desktop software packages 
in conjunction with the EU project, EE-Quarry. XRF analysis of Mountsorrel Quarry granite found that 
it contains a number of oxides, predominantly SiO2 (63.3%) and Al2O3 (16.8%), and XRD analysis 
found it contains the crystalline structures of quartz (SiO2) and albite, calcian, ordered 
(Na,Ca)Al(Si,Al)3O8). Samples submitted to drop-weight tests confirmed Mountsorrel Quarry granite 
as an extremely hard granite and rock fracture (t10) data and energy of comminution (Ecs) data were 
obtained from analysing the results.  
Split-Desktop image analysis software was utilised to determine the particle size distribution (PSD) of 
the primary crusher feed, as it contains particles too large to screen manually. It was also found that 
0.8% of the feed is fines, which at Mountsorrel Quarry are classed as particles smaller than 5 mm, 
and  that  no  particles  were  larger  than  3810  mm.  JKSimMet  was  used  to  create  a  flowsheet  of  
Mountsorrel Quarry, and the crusher product PSDs were simulated and was found to have strong 
correlations with experimental data, especially in the fines region, with a mean difference of 1.0%. 
The simulated primary crusher product PSD showed that it contains 5.9% fines, and a simulation over 
the entire quarry showed the product to be within the size range produced at Mountsorrel Quarry, 
and with a simulated fines content of 13.4%. When the closed side setting on the primary crusher 
was altered from 165.1 mm (the operating size on site) to 100.0 mm, it increased the amount of fines 
produced by 45%, increased the power draw by 140.6 kW, but reduced the overall plant production 
of fines by 18%.  
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Two blasts were undertaken on adjacent rock faces which had identical blast designs, other than the 
order  of  deck detonation,  with  the first  blast  detonating the bottom deck before the top and vice  
versa in the second blast. For each blast, measurements of the feed PSD to the primary crusher, the 
number of particles that required secondary breakage on the quarry floor, acoustic levels and 
vibration readings were measured and no significant difference was identified between the two 
blasts in any of the parameters measured. 
In conclusion, a working model of Mountsorrel Quarry has been made in JKSimMet that has been 
validated against data from site and Split-Desktop has been used to simulate the primary crusher 
feed PSD, something that was previously unknown. The effect of reversing the order of deck 
detonation in a two deck blast was also analysed but with no significant difference between the two 
blasts found.  
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MRes – Masters of Research 
MSDS – Materials safety data sheet 
N/A – Not applicable 
PPE – Personal protective equipment 
PSD – Particle size distribution 
UK – United Kingdom 
USA – United States of America 
XRF – X-ray fluorescence 
XRD – X-ray diffraction 
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1. INTRODUCTION?
1.1?Background?
Aggregates production is an extremely important process for modern life, with solid particle size 
reduction (crushing and milling) being a key procedure that is inefficient and consumes 5% of all 
electricity produced globally (Rhodes, 1998). As well as being inefficient with regards to energy 
consumption, crushing and milling also produce a large amount of fine particles (fines). Fines are 
classed varyingly depending upon the material that they are produced from, according to the 
European Aggregates Standards, which states that fines from concrete and general use are classed as 
particles that can pass through a 4 mm screen. The term ‘fines’, however, is often used in quarries to 
define site specific undersized or unsaleable particles (Manning, 2004). Since the introduction of the 
Landfill  Tax  in  1996  and  the  Aggregates  Levy  in  2002  (Martin  &  Scott,  2003),  fines  are  generally  
stockpiled at the expense of the quarry operator as it is cheaper than paying for the fines to be sent 
to landfill. However stockpiling will increase the level of local land contamination due to aeolian 
transportation.  
Because of the large amount of energy that is consumed during the crushing process and amount of 
fines produced in aggregate production in general, increasing efficiency, even by 1-2%, can have a 
profound beneficial effect. The results of greater efficiency would make the aggregate plant more 
environmentally friendly in addition to being financially beneficial to the operator by increasing the 
percentage of saleable product and reducing the production cost per tonne of saleable product. 
Computer simulation packages are the most cost effective way of improving efficiency in an 
aggregates plant compared to physical methods. This is because they are less time consuming, can 
do trial and error tests without effecting production and will not cause any downtime of the plant 
before the point of implementation, unlike traditional methods where the plant, or part of it, has to 
be stopped and equipment settings altered and/or equipment added or removed. 
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There are a number of different computer simulation packages available commercially, including 
JKSimMet,  USimPac  and  Bruno.  JKSimMet  was  used  in  this  research  as  it  allows  the  input  of  site  
specific rock fracture data, unlike other software packages which use generic hard, medium and soft 
rock data. As well as being designed specifically for mineral processing operations, JKSimMet does 
not have the bias of being designed by a manufacturer to go specifically with their product and can 
be used in parallel with its sister product, JKSimBlast, to incorporate blasting into the model. How a 
rock face is blasted has a significant impact on the crushing processes downstream, so by being able 
to  incorporate  JKSimBlast  it  makes  the  JKTech  software  a  powerful  tool  in  aggregates  production  
optimisation.  
In plant design, and especially re-design, where alterations are made to an existing plant design, it is 
extremely important to know the tonnage and PSDs (particle size distributions) of the rock material 
throughout the plant. This information will aid the use of models and the predictions of what will 
happen further downstream, as the PSD will affect all downstream processes, including the amount 
of energy used and the amount of fines produced, amongst other factors. This is not normally an 
issue, as samples can be taken and screened by passing the material through various sieves that 
contain progressively smaller holes. The various fractions held by each sieve can then be weighed, 
converted to percentages and a PSD curve created. However this is not practical for pre-crushed 
material from the muck pile (i.e. the feed to the primary crusher) as particles are often too large to 
screen and thus causes an issue as the primary crusher feed PSD is unknown. There are a number of 
image analysis software packages that are commercially available that can be used in this situation, 
such as: CIAS, GoldSize, IPACS, FragScan, PowerSieve, Split-Desktop, TUCIPS and WipFrag (Siddiqui et 
al.,  2009).  Split-Desktop  is  being  used  in  this  research  as  it  is  linked  with  JKSimMet  and  has  been  
validated by a number of experiments (Split-Desktop, 2001; Kemeny et al. 1999; Liu & Tran 1996). 
To get a real understanding of what is happening in an aggregate plant, the concept of mine-to-mill 
was developed. The mine-to-mill concept looks at the entire aggregates process from blasting, all the 
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way through crushing and screening, to the final product. By looking at everything in this way, a 
much more detailed representation of what is occurring is obtained, and it is possible to see how one 
aspect affects another e.g. the effect of blasting on the crushing and screening processes. By doing 
this, it can be ascertained where the greatest inefficiencies are, with respect to energy use and fines 
production. It may also be shown that spending more money in one area may cause savings in other 
areas, and result in a net gain. There have been a number of publications and reports that use the 
mine-to-mill approach, including Adel (2006), Jensan et al. (2009), Scott et al. (2000), Kanchibotla & 
Valery (2010) and Drew et al. (2011) 
The research in this thesis is being conducted in conjunction with MIRO and the EU project EE-Quarry, 
with the ultimate aim of producing a top level model that can be used on any quarry to determine 
ways of reducing the amount of energy expended per tonne of saleable product. The EE-Quarry 
project takes into account all  factors in aggregates production from blasting all  the way through to 
delivery. 
1.2?Aims?and?objectives?
The aim of this research is to look at ways of reducing the amount of fines produced and the amount 
of energy used per tonne of saleable product from a working quarry in the UK whilst still producing 
saleable product. From these aims, the following hypotheses have been created: 
1. Primary crusher feed PSDs can be calculated using Split-Desktop image analysis software. 
2. UK aggregate quarries can be modelled using JKSimMet plant modelling software. 
3. JKSimMet  plant  modelling  software  can  be  used  to  propose  ways  of  reducing  fines  
production in UK quarries. 
4. There is a significant difference in blast PSDs when the order of deck detonation is changed. 
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To complete these aims and to address the hypotheses, the following objectives have been outlined: 
? Model a working quarry within the UK using JKSimMet. 
? Simulate optimisation within a working UK quarry using JKSimMet. 
? Determine the primary crusher feed PSD using Split-Desktop. 
? Determine the resultant PSDs of two blasts with different blast designs using Split-Desktop.  
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2. LITERATURE?REVIEW?
2.1?Introduction?
A great deal has been written about aggregate production as it is a huge global business that requires 
a vast amount of energy and produces a large amount of waste, in the form of fines, in the process. 
As a result, aggregates production is an extremely inefficient process, with plenty of scope for 
improvement. Therefore, due to the colossal production of aggregates globally, if the amount of fines 
produced, or energy used, can be reduced, even by less than 1%, then the amount of profit on 
saleable product would increase, the amount of energy used per tonne of product would reduce and 
the operation would become more environmentally friendly by a significant amount. 
To ascertain a way of optimising aggregate plants, there are two mains approaches that are 
undertaken. They are: 
1. Changing the plant set up or working parameters to alter product PSDs and energy use. 
2. Changing the blast design to alter the blast fragmentation. 
Both of these approaches are generally simulated using computer software programmes. The 
findings from the software, that simulate a benefit to the aggregate plant, are then implemented, as 
this allows trial and error tests to be undertaken without affecting production. Once implemented, 
samples from site can be analysed to determine whether the implemented change is beneficial. For 
blast fragmentation however, this will usually require some form of image analysis software, as the 
blasted material will almost always contain particles that are too large to physically screen. 
This literature is being analysed to determine what has been achieved, what has not been analysed, 
and to determine what could potentially be done to have a beneficial effect in reducing fines and to 
optimise energy usage in aggregates production. In particular, this literature review will analyse the 
historical and contemporary literature concerned with aggregate plant modelling software, rock 
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fragmentation analysis and its uses in aggregate plants and the effects of blast design on 
fragmentation as well as downstream crushing processes.  
2.2?Methodology?
The information for this literature review was obtained through a number of sources, including: 
? Books 
? Online search engines 
? Recommended papers and journals 
? General reading around the topic 
The online search engines used were ISI Web of Knowledge (http://wok.mimas.ac.uk/) and Google 
Scholar (http://scholar.google.co.uk/), and were used to locate historical and contemporary journals, 
articles and conference proceedings. These online search engines were utilised by using key words 
and phrases such as; aggregates, blast fragmentation, drop-weight, image analysis, JKSimMet, 
mine-to-mill and Split-Desktop.  
Articles found were analysed and either excluded or included due to their content and if they came 
from a reputable source, such as a university or recognised journal. Once a useful article had been 
sourced, its citations, and other articles that had cited this article, were looked at and the process 
repeated. 
Some articles were recommended from people in industry or academics in this field, whilst other 
articles came from reading news articles and following their sources or from books; however, all of 
these went through the same vetting process as the articles found using online search engines. 
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2.3?Results?and?discussion?
The results from this literature review and their analysis are outlined below and have been split into 
three sections; aggregate plant modelling software, PSD determination by image analysis, and effects 
of blast design on fragmentation. 
2.3.1?Aggregate?plant?modelling?software?
There is a lot of literature that utilises aggregate plant modelling software in their studies as 
aggregate plant modelling software packages have been commercially available for a number of 
years. They are produced, both by equipment manufacturers, such as BRUNO, which is produced by 
METSO, and independent companies, such as JKSimMet. With there being a number of different 
plant modelling software packages available, choosing which one to use can be a complicated 
process, or may be simply selected by cost. Lowndes et al. (2005) used both JKSimMet and USIM PAC 
and favoured JKSimMet due to unspecified issues in verifying USIM PAC. 
The use of plant modelling software is for plant optimisation, whether that is fines reduction, energy 
use reduction, costs reductions, increased production of high value particle size fractions, or a 
combination of these factors (Lowndes et al., 2007). There are a number of ways that fines can be 
reduced and most simply, it has been found that fines can be reduced by up to 30% from doing an 
audit (Mitchell et al., 2008), and plant modelling software can be used to further reduce fines 
production on top of this (Mitchell, 2009). Drew et al. (2011) highlighted that there are two methods 
that can be undertaken to tackle the issue of fines:  
1. Find a novel use or new market for the fines so that they are no longer a waste product. 
2.  Alter the plant to reduce the amount of fines produced.  
Energy usage is another key factor which many studies have looked at optimising. Adel et al. (2006) 
used plant optimisation software and mine-to-mill concepts at two quarries in USA and found that 
energy use could be reduced by 1-5% at both sites. There are a number of other studies that have 
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also successfully determined ways to optimise aggregate plants using plant analysis software, 
including:  Drew et al. (2011) and Lowndes et al. (2007). 
Energy optimisation in quarry plants has also been looked into by Cresswell (2011), however this was 
undertaken without plant modelling software and looked at general methods of energy reduction, 
concluding that as much equipment as possible should be included into studies and that fuel for 
mobile plant machines and transporting material around quarries is often the largest energy input. 
The research undertaken by Lowndes et al.  (2005)  at  Tunstead  limestone  quarry  (UK)  is  a  prime  
example of plant optimisation. The study used JKSimMet to combine fines reduction, costs reduction 
and energy use reduction to make the quarry more environmentally friendly. This has the benefit of 
making the quarry more efficient and more profitable and shows how useful these software 
packages can be in increasing profits and reducing the environmental impact of aggregate plants. 
2.3.2?PSD?determination?by?image?analysis?
Knowing the PSD at various parts of an aggregate plant is useful for quality control and is an essential 
parameter for plant modelling software (Hunter et al., 1990). Normally this is done by taking samples 
and screening them. However, sometimes this is not possible, due to the large size of the particles or 
because they are inaccessible and so no sample can be taken. Because of this, image analysis 
software tools have been developed, which also have the added benefit of not requiring the plant, or 
sections of it, to be stopped so that a sample can be taken. 
Image analysis software works by employing the following steps (Kemeny et al., 1993): 
? Take an image of the particles in question. 
? Delineating the image using edge detection algorithms. 
? Undertake statistical analysis to determine the amount of overlapping and ultimately the size 
of each particle. 
? Produce a PSD curve. 
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Many image analysis systems require user input, however fully automated systems, using either 
photographs or videos, are also available. These have the benefits of lowering the man hours 
required. This will also allow quick and easy access to data at various points in the crushing and 
screening process and can therefore allow plant operators to adjust machinery parameters 
accordingly (Thurley, 2011; Salinas et al., 2005; Maerz et al.,  1996). With these systems being fully 
automated, there is no human error, but there is also nobody checking that the delineations made by 
the software are correct. Consequently, the results can be skewed and the results produced 
inaccurate. 
There is a lot of literature where PSD image analysis software is used for plant optimisation, such as 
Tamir et al.  (2012),  where  image  analysis  was  used  to  determine  the  PSDs  at  various  points  in  a  
quarry to understand the downstream effects of different blast designs. Similarly, Paley (2010), used 
image analysis to determine the primary crusher product PSD to understand the effect of blast 
design on the resultant PSD. Kanchibotla (1999) however, used image analysis software to model 
fines. 
There are limitations to using image analysis to determine PSDs. Possibly the most influential factor is 
the quality of the image taken, as it must be in focus and provide a good representation of the 
overall rock mass being analysed (Maerz, 1996). Once an image has been analysed, there will be, as 
with all computational analysis, some error between the computed (simulated) results and the 
experimental results obtained from site. Sanchidrián et al. (2009) found there to be a maximum error 
of 30% with particles large enough for the image analysis software to accurately identify them as 
individual particles, but with smaller particles, up to 100% error was found. This shows the 
importance of validating results against experimental results. 
Another issue is the ability to account for perspective in an image, because if this is not accounted for, 
it can affect the results. To account for perspective, there are two methods that are undertaken by 
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image analysis software. The first is to take two images from different angles, whilst the second is to 
apply multiple scales to the image (Fernlund, 2005; Split-Desktop, 2012). 
2.3.3?Effects?of?blast?design?on?fragmentation?
During the process of preparing a blast and during the act of blasting, there are a number of 
inconsistencies that can occur. These can be due to drilling, actual explosives performance, 
explosives delivery quality and consistency, explosives loading consistency, geology and pyrotechnic 
detonator initiator accuracy (Barkley, 2011) 
Electronic detonators are becoming ever more commonplace over their shock tube (non electrical) 
counterparts due to greater reliability, much more accurate timings and reported improvements in 
fragmentation and vibration control. However, electronic detonators are not being used by all 
aggregate plants currently as they cost more, but as the overall benefits are becoming clearer more 
quarries are adopting them (Lusk et al., 2011; Teowee, 2010; Migairou & Bickford, 2009; Teowee & 
Papillon, 2009; Bartley et al., 2003). 
Paley (2010) looked at the effects of using electronic detonators on Red Dog mine in USA, and found 
that they gave an increased uniformity and that by changing the timings between detonating blast 
holes, the mean fragmentation varied from an increase of 20% to a decrease of 30%. This shows that 
there is a link between timings and blast fragmentation, and by using electronic detonators, it allows 
timings to be varied accurately which can then be changed to optimise a blast (Bernard, 2005). 
Using DMCBLAST_3D, Preece & Chung (2005) found that changing delaying the timings in a blast 
design by varying amounts showed consistent changes in the way that the fragmented rock moved 
when blasted, which affects the shape of the muck pile and therefore can be optimised to a site to 
aid diggability. At higher powder factors, Workman & Eloranta (2009) found that particles became 
softer and therefore required less energy to break downstream. However this softening of the 
particles has the potential to reduce the quality of the final product and therefore must be analysed 
before implementing in every blast. 
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A number of studies have looked at generally optimising blasts to reduce fines, whilst still giving a 
good fragmentation, which is one of the key aspects of the mine-to-mill approach, such as Mirrabelli 
et al. (2009) and Glowe (2005). Similarly, Lilly et al. (2012) looked at different ways of optimising a 
plant, but used the Pareto principle to focus on the most important variables to simplify models. 
Other studies looked at specific quarries; Chavez et al. (2007) found that by relating the blast to the 
geology of the rock face, a blast could be designed to give better muck pile shapes. Cebrian (2010), 
on the other hand, looked at changing timings, stemming and spacing in a limestone quarry, however 
the results were not considered to be economically viable. On a broader scale Bremer et al. (2007) 
produced a blasting database that can be used as a guide and was found to give an increase in 
productivity in the region of 5-10% and overall cost savings. 
Mine-to-mill optimisation has been adopted at mines and quarries globally, especially with the 
current  economic  climate  to  reduce  cost,  but  along  with  the  benefits  there  will  often  be  some  
negatives, such as blast damage, dilution and ore loss. Nevertheless, the benefits often outweigh the 
costs and further optimisation can potentially reduce the negatives even further (Kanchibotla & 
Valery, 2010). 
As shown, the effect of many factors of blast design on blast fragmentation have been analysed in 
the literature with the aim of optimising blast design either generically or for a specific site. However, 
nothing in the literature has addressed the effect of deck detonation order, which may have a 
significant effect on blast fragmentation. 
2.4?Conclusions?
In conclusion, there has been a lot of literature written in the fields of aggregate plant modelling, 
rock fragmentation analysis and the effects of blast design on fragmentation. The literature on plant 
modelling software looks at reducing fines, energy use, costs, increasing high profit particle size 
production or a combination of these aims. There are a number of software packages available and 
many studies have been undertaken on both generic and site specific solutions. 
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The use of image analysis to determine rock particle PSDs has been widely studied. It is an extremely 
useful tool for determining PSDs of particles that are too large to screen or inaccessible to sample 
and provides a method of determining the PSD without stopping sections of a plant. As a result, 
image analysis can be the only way to determine the PSDs required for input into plant modelling 
software. 
Many parameters of blast design have been analysed to determine their effects on blast 
fragmentation, including detonation timings and powder factors. These parameters have been 
looked at on specific sites as well as generically, but no study has analysed the effects of the order of 
deck detonation.  
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3. MOUNTSORREL?QUARRY?
3.1?Background?and?location?
Mountsorrel  Quarry  is  a  granite  quarry  run  by  Lafarge  Aggregates  Ltd  and  is  located  between  
Leicester and Loughborough in the UK. Mountsorrel Quarry is the largest granite quarry in Europe, 
producing  in  excess  of  5,000,000  t  of  aggregate  per  annum  (Lafarge  Aggregates  Ltd,  2006)  and  is  
being used as a case study for this research. The site design is set up so that the westernmost part is 
the quarry and the material flows in an easterly direction through the primary crusher, secondary 
and tertiary crushing, screening house, Ready-Mix cement plant (if the material is being made into 
Ready-Mix cement) and finally to the rail sidings if it is not being dispatched by road going vehicles, 
as  shown  in  Figure  1.  There  are  two  types  of  granite  in  the  region,  both  of  which  are  found  in  
Mountsorrel Quarry, which can be identified by the pink and grey feldspars that they contain (Miller 
& Podmore, 1961). 
Figure 1: Site map of Mountsorrel Quarry with the quarry, primary crusher, stock area and rail sidings (inset) shown 
(Lafarge Aggregates Ltd, 2012). 
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Mountsorrel Quarry produces a variety of aggregate size fractions, with the largest being 63 mm and 
the smallest 5 mm. Any particles smaller than 5 mm are unsaleable and therefore classed as fines. 
There are a large amount of fines produced at Mountsorrel Quarry which are consequently 
stockpiled. Fines are however used to produce protective barriers around the quarry floor to make 
sure vehicle drivers do not accidently drive off of the edge of a quarry face and as markings around 
the blast holes.  
When crushing the granite in to the required size fractions, Mountsorrel Quarry operates two types 
of crusher; cone and gyratory. Cone crushers work by feeding rock material into the top of the 
crusher into the crushing chamber where it is then compressed between a cone and a concave wall 
due to the eccentric throw (ET) of the cone causing the rock to break. This continues until the 
material is small enough to fit through the sizing gap and is then discharged from the machine (Figure 
2). The ET can be altered which will affect the way the rock material is broken and thus the size of the 
rock particles that are discharged. 
 
Figure 2: Diagram of a cone crusher where the rock material  is  fed into the top of  the crusher and the eccentric  rotation 
compresses the rock between the cone and the concaves until it is small enough to fit through the sizing gap (which is set at 
a specific width) and is discharged (British Geological Survey, n.d.). 
Gyratory crushers are similar in design to cone crushers, where the rock material is added into the 
top of the crusher and it enters the crushing chamber. In the crushing chamber, the material is 
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compressed between the lining of the crushing chamber and the main shaft due to its ET until it is 
small enough to pass through the sizing gap and be discharged (Figure 3). The main difference 
between gyratory crushers and cone crushers is that the angle of the crushing chamber in gyratory 
crushers is far less acute.  
 
Figure 3: Diagram of a cone crusher where the rock is fed into the crushing chamber and the main shaft gyrates, thus 
compressing the rock against the liner wall until it is small enough to fit through the sizing gap (which is set at a specific 
width) and is discharged (Primel & Tourenq, 2000). 
3.2?Mountsorrel?granite?
The granite extracted from Mountsorrel Quarry is an extremely hard granite and was formed around 
400 million years ago (Meneisy & Miller, 1963). X -ray fluorescence (XRF) and x-ray diffraction (XRD) 
analyses were undertaken on samples to determine the elemental and crystal composition of the 
Mountsorrel Quarry granite, respectively. Samples were also exposed to drop-weight tests to 
determine the rock fracture data (t10 values; see section 3.2.2 Drop-weight tests) to understand how 
the Mountsorrel granite breaks up under pressure. 
3.2.1?X-ray?analysis?
3.2.1.1?XRF?
XRF is a technique that is used to classify the elemental content of an aggregate. This determination 
of elemental composition can be important to a company buying the aggregate if specific elements 
M. J. A. Ruszala MRes Chemical Engineering Sciences May 2013 
30 
 
are  desired  or  not  wanted  such  as  precious  or  rare  earth  metals  (Brown  et al. 1973). XRF 
spectrography works by firing x-rays at a test sample which causes backscattered (fluorescent) x-rays 
to be emitted, as shown in Figure 4.  
 
Figure 4: Schematic to show the basic principles of XRF spectrography, where x-rays are fired at a test sample and the 
resultant backscattered x-rays are recorded by a detector (Thermo Scientific, n.d.). 
The backscattered x-rays are then recorded by a detector diode which determines the elemental 
composition of the sample as shown in the block diagram of an XRF spectrometer (Figure 5).  
 
Figure 5: Diagram of an XRF spectrometer with the presentation and control equipment excluded (Jenkins et al., 1995).  
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There are two types of XRF spectrometer; single-channel and multichannel. Single-channel machines 
can only detect the presence of a single element at a time, which is useful to determine if a known 
impurity or wanted element is present, or the process can be repeated a number of times to detect 
numerous, different elements sequentially. Multichannel machines on the other hand can detect 
numerous elements simultaneously as they contain multiple detector diodes (channels), and each 
detector diode will be set up to detect a different element (Jenkins et al. 1995). 
On an atomic scale, when the x-rays collide with the atoms within the sample, they cause electrons 
to be ejected from various shells. When these electrons are ejected, electrons from outer shells 
move to usurp the positions of the ejected electrons and in the process expel fluorescent x-rays, 
which are detected (Figure 6). 
 
Figure 6: Schematic to show how XRF spectrography works. When the x-rays are fired at the sample, they collide with the 
atoms contained in the sample causing the ejection of electrons from various shells in the atoms and the emission of x-rays. 
The x-rays that are emitted are uniquely characteristic of the element from which they were emitted ad they can therefore 
be used to decipher what elements are present in a sample (Thermo Scientific, n.d.). 
For this experiment, Mountsorrel granite was crushed into a fine powder and mixed with a wax in 
the ratio of 5:1 (powdered granite to wax powder), pressed into a pellet using a die, and then 
analysed using a Bruker (Billerica, Massachusetts, USA) S8 Tiger XRF multichannel spectrometer. The 
sample was crushed and pressed into a pellet, as this gives a much smoother surface and therefore 
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much more accurate results. If the sample being analysed is not a powder or only a small quantity is 
owned and therefore too precious to crush into a powder, single particles and liquids can be used if 
appropriate. 
The results from the XRF analysis are shown as the elemental detection (Figure 7), and as a table of 
the oxide compositions present (Table 1). 
 
Figure 7: Plot of elements present in Mountsorrel granite obtained by XRF analysis. 
Table 1: Formulae of the oxides and their respective concentrations found in Mountsorrel granite obtained by XRF analysis. 
Formula SiO2 Al2O3 Na2O MgO K2O Fe2O3 CaO TiO2 
Concentration 
(weight % of oxides) 63.3 16.8 8.3 3.24 3.02 2.17 2.13 0.39 
Formula P2O5 BaO MnO Cl Cr2O3 SrO ZrO2 RbO2 
Concentration 
(weight % of oxides) 0.36 0.064 0.054 0.05 0.029 0.021 0.013 0.008 
As Figure 7 and Table 1 show, the Mountsorrel granite predominantly consists of SiO2 (63.3%) and 
Al2O3 (16.8%). There is also Na2O (8.3%), MgO (3.24%), K2O (3.02%), Fe2O3 (2.17%) and CaO (2.13%) 
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present (all percentages are weight percent of oxides), along with trace amounts of other metal 
oxides (TiO2, P2O5, BaO, MnO, Cl, Cr2O3, SrO, ZrO2 and RbO2) detected in the sample. 
3.2.1.2?XRD?
XRD analysis determines the crystal structures of a substance. It works according to the fact that 
every crystalline substance will give a unique pattern that does not vary between different particles 
of the same crystalline structure. This pattern is created by firing x-rays at a powdered sample, 
collecting  the scattering using a  detector  and then analysing the scatter  pattern.  Where there is  a  
mixture of crystalline substances, each substance will give its unique pattern independently of the 
other crystalline substances (Hull, 1919). By detecting these patterns, they can be compared to 
known patterns from crystalline substances and therefore the crystalline composition of a substance 
can be identified. This makes XRD a very useful technique for compositional identification and for the 
quality control of samples by determining if there are any impurities present. A schematic of an XRD 
machine is shown in Figure 8. 
 
Figure 8: Schematic diagram of an XRD diffractometer (Thermo ARL, 1999). 
A sample of Mountsorrel granite was ground into a fine powder and analysed using a Bruker D5005 
diffractometer. The results of the XRD analysis are shown in Figure 9. 
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Figure 9: Overall compound spectrum (black peaks) with quartz (SiO2; red lines) and albite, calcian, ordered 
(Na,Ca)Al(Si,Al)3O8; blue lines) obtained by XRD analysis. 
As Figure 9 shows, the XRD analysis of Mountsorrel Quarry granite detected a number of compounds, 
and the peaks that correspond with quartz (SiO2) and albite, calcian, ordered (Na,Ca)Al(Si,Al)3O8) are 
shown with red and blue lines, respectively. 
The main limitation of XRD is that it can only be used to analyse crystalline materials, meaning that 
any gas, liquid or amorphous solid samples cannot be analysed using this technique. Because this 
research is looking at solids, the issue of not being able to sample gases and liquids is eliminated, but 
the issue of amorphous solids, which account for about 5% of all solids, is still present (Thermo ARL, 
1999). 
3.2.2?Drop-weight?tests?
The composition and microstructure of  rock  particles  will  affect  the amount  of  energy required to  
break them and the way in which they will break under force. This is because rocks particles contain 
internal planes of weakness which require less force to fracture than the rest of the rock particle and 
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therefore dictate the ultimate shape of the aggregate produced as well as the particle size (Lajtai, 
1968). Slate is an excellent example of this, having long parallel planes of weakness, making flat 
sheets of slate easy to produce. 
Some aggregates, including granite, are made up of a composition of different interlocking minerals. 
Granite is composed of interlocking feldspars, quartz and micas, amongst other minerals, meaning 
that there are no naturally occurring large planes of weakness due to the construction of the granite. 
Geological activity and/or blasting can however give rise to large faults in a mass of hard rock such as 
granite. When a rock does fracture, there are three ways in which a fracture can be propagated 
(Figure 10). 
 
Figure 10: Diagram representing the three ways in which cracks can be propagated in a rock particle (Chang et al., 2002) 
Some rocks contain networks of small intragranular cracks (sometimes referred to as microcracks or 
microfractures) which can occur from blasting or geological phenomenon, and have been found to 
make the rock particles more susceptible to breaking, whilst other samples have shown that 
intergranular cracks can strengthen a rock particle. This shows the complexity of rock microstructure, 
and the effects that can manifest because of it. Ultimately, the planar direction of microcracks within 
the rock will affect the toughness of the rock (Gallagher Jr et al., 1974; Tavares & das Neves, 2008; 
Xia et al., 2008). Under load, these intergranular and intragranular cracks can increase in size, as well 
as new ones being formed, and can lead to fractures with greater load leading to larger cracks (Zhang 
et al., 2000). 
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The toughness of the rock being crushed will also have an economical effect, as the tougher the rock, 
the more energy there will be required to crush it, and the crusher liners will have to be replaced 
more frequently due to an increased wear rate. 
There  are  a  number  of  tests  that  can  be  utilised  to  determine  the  hardness  of  a  rock  particle  as  
outlined in Figure 11.  
 
Figure 11: Diagram showing the various ways that single particle breakage tests can be undertaken, including single impact, 
double impact and slow compression methods (Tavares, 2007). 
Drop-weight tests were undertaken to determine how the rock particles fracture under force in a 
manner that can be incorporated into JKSimMet. Drop-weight tests are performed by dropping 
known weights from known heights onto samples from five different particle size fractions using a 
drop-weight test machine (Figure 12) resulting in 15 size/weight groups with up to 30 samples in 
each group. These different heights lead to different levels of force being applied to the sample and, 
if the force is large enough, it will cause fractures to occur. These data can then be analysed and the 
fracture data of the sample calculated (Nataraja et al., 1999; Tavares & King, 2002). 
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Figure 12: Schematic diagram of a drop-weight test  machine where the drop-weight (of  known weight)  is  raised to a set,  
known height above the particle sample (h0) before being dropped onto the particle sample and compressing it between 
the drop-weight and the anvil which usually results in fracturing of the sample (Chau & Wu 2007). 
When undertaking drop-weight tests, the amount of energy exerted by the drop-weight can be 
calculated using the Equation 1, where Ei = energy used for breakage, M = mass of the drop-weight, 
g = gravitational constant, h = initial height of the drop-weight above the anvil and xM = final height of 
the drop-weight above the anvil (JKMRT, 2003). 
Equation 1: Energy required for breakage equation, where, Ei = energy used for breakage, M = mass of the drop-weight, 
g = gravitational constant, h = initial height of the drop-weight above the anvil and xM = final height of the drop-weight 
above the anvil (JKMRT, 2003). 
?? ? ??(? ? ??) 
All of the fractured rock from each size/weight group is collected, along with any particles that do not 
fracture, and screened together to determine the t10 value (where t10 = amount of mass smaller than 
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1/10 original size). Similarly, values for t2, t4, t25, t50 and t75 are calculated and these values can then 
be used in JKSimMet as rock fracture parameters. 
The t10 values obtained from the drop-weight tests for Mountsorrel granite are shown in Table 2. This 
is the format required to enter the information into JKSimMet. 
Table 2: Table to show the rock fracture data calculated for Mountsorrel granite obtained by submitting rock samples to 
drop-weight tests and analysing the data. When the value of t10 = 10, 20 or 30 (left hand column), the corresponding t75, t50, 
t25, t4 and t2 are shown in their respective columns. 
Rock fracture data (t10 values) for granite 
Value of t10 t75 t50 t25 t4 t2 
10 3.0 3.7 5.7 21.5 53.2 
20 5.8 7.5 11.4 42.7 82.4 
30 8.9 11.5 17.3 61.8 94.9 
Higher values in the t75 column will manifest themselves as a greater percentage of fines produced 
and this  means that  the rock in  question will  produce fewer  fines  than that  of  a  rock  that  gives  a  
lower value in the t75 column. 
The  t10 values  collected  can  be  related  to  the  specific  energy  of  comminution  (Ecs;  kW  h  t-1) using 
Equation 2, where A and b are impact breakage parameters. 
Equation 2: Equation relating breakage (t10) to specific energy (Ecs) where A and b are impact breakage parameters (JKTech, 
2011) 
??? = ??? ? ??????? 
From Equation 2, the Ecs data can be calculated and the data for Mountsorrel granite is shown in 
Table 3. 
Table 3: Table to show the power data calculated for Mountsorrel Quarry granite obtained by submitting rock samples to 
drop-weight tests and analysing the data. 
Power data 
 
Mean Size (mm) 
14.53 20.63 28.89 41.08 57.78 
t10 Ecs (kW h t-1) 
10 0.18 0.14 0.18 0.13 0.13 
20 0.40 0.29 0.39 0.27 0.27 
30 0.64 0.48 0.63 0.44 0.44 
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The Ecs data is inserted into JKSimMet and can be used to calculate the power draw of a crusher or 
mill. The biggest effect on the power draw is the closed side setting (CSS) on the crusher. The CSS is 
the size of the gap at the bottom of the crusher at its smallest point during the crushing process. This 
will dictate, along with the ET, the maximum size of particles that can pass through the crusher and 
into the product  feed.  An example of  how varying the CSS can affect  the power draw is  shown in  
Figure 13. 
 
Figure 13: Graph showing the varying power draw and energy used per tonne of material crushed when the CSS is varied 
from 10 mm to 55 mm for Mountsorrel Quarry granite in a cone crusher with a feed rate of 150 t h-1, ET of 25 mm and a 
fixed feed PSD calculated using JKSimMet. 
Additional tables outlining the t10 values of other rock types and the effect of various parameters 
have on PSD can be seen in Appendix II – PSD and power data for EE-Quarry. 
3.3?Health?and?safety?
Before any work was undertaken, all the appropriate risk assessments and inductions were 
completed and great caution and awareness were adopted, especially when working around 
machinery. The main risk posed from the Mountsorrel granite is in the form of inhaling silica particles, 
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which can lead to the development of silicosis, where nodules of silica build up in the lungs of the 
sufferer. Although silicosis can be fatal, it requires prolonged exposure for serious harm to be caused 
(Mossman  &  Churg,  1998).  The  correct  personal  protective  equipment  (PPE)  was  worn  at  all  
appropriate times to minimise the risk of harm, including high visibility clothing, hard hats, ear 
protection, gloves, dust masks and safety spectacles and the materials safety data sheets (MSDS) for 
granite are shown in Appendix I – MSDS. 
3.4?Discussion?
The elements detected by XRF analysis and the compounds identified by XRD analysis coincide with 
compounds that have been detected from the region in previous studies (Taylor, 1934; Sha & 
Chappell,  1999).  Granite  is  a  very  diverse  type  of  rock  and  can  contain  any  of  the  following  
compounds and elements, amongst others; SiO2, TiO2, Al2O3, Fe2O3, FeO, MnO, MgO, CaO, NaO, K2O, 
P2O5, S, H2O+,H2O-,CO2,Ba, Rb, Sr, Pb, Th, U, Zr, Nb, Y, La, Ce, Nd, Sc, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, As, 
Mo and Sn (Sha & Chappell, 1999). 
The results from the drop-weight tests show lower values in the t75 column for the Mountsorrel 
granite when compared to a basalt (Table 4), which is also a hard rock. This difference will manifest 
itself as a greater percentage of fines produced and this means that the Mountsorrel granite will 
produce fewer fines than that of the basalt. This confirms that Mountsorrel granite is an extremely 
hard rock. 
Table 4: Table to show the rock fracture data for a basalt (left; Bailey, 2009) and Mountsorrel granite (right). 
Rock fracture data for basalt 
 
Rock fracture data for Mountsorrel granite 
Value of t10 t75 t50 t25 t4 t2 
 
Value of t10 t75 t50 t25 t4 t2 
10 3 3.6 5.3 23.5 53.3 
 
10 3 3.7 5.7 21.5 53.2 
20 6 7.4 10.8 44.8 82.9 
 
20 5.8 7.5 11.4 42.7 82.4 
30 9.2 11.4 16.5 63.2 95.7 
 
30 8.9 11.5 17.3 61.8 94.9 
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The Ecs and the resultant crusher power draw data calculated for the Mountsorrel Quarry granite, 
when compared to a basalt, with the same ET, (Table 5) shows that the granite requires a lot more 
energy than the basalt with a mean of 148% more energy required across the various CSS settings. 
Table 5: Table showing the varying power draw and energy used per tonne of material crushed when the CSS is varied from 
10 mm to 55 mm for a basalt in a cone crusher with a feed rate of 150 t h-1, ET of 25 mm and a fixed feed PSD calculated 
using JKSimMet. Ecs data obtained from Bailey (2009) 
Closed Side Setting 
(mm) 10 15 20 25 30 35 40 45 50 55 
Power (kW) 239.4 205.3 182.4 165.7 153.2 143.4 135.6 129.1 123.5 118.8 
Energy per tonne of 
material (kWh/t) 1.60 1.37 1.22 1.10 1.02 0.96 0.90 0.86 0.82 0.79 
The principal limitation of rock fracture analysis using the drop-weight test is that although it allows 
the amount of energy being inflicted upon the particle to be measured, there is no way of calculating 
what percentage of that energy is used to fracture the particle. This can however be estimated using 
a twin pendulum breaker that is connected to a computer; however this equipment was not available 
for this experiment (Tavares, 1999). 
3.5?Conclusions?
In conclusion, Mountsorrel Quarry is located between Leicester and Loughborough in the UK and is 
being used as a test site for the research in this thesis. Mountsorrel Quarry is the largest granite 
quarry in Europe and produces aggregates with various saleable size fractions between 63 mm and 
5 mm, and particles smaller than 5 mm are unsaleable and classed as fines. The elemental 
composition of the granite was found from XRF analysis to contain a number of oxides with 
concentrations over 1%, with SiO2, Al2O3, Na2O, MgO, K2O Fe2O3 and CaO being the most abundant, 
respectively. XRD analysis identified the presence of quartz and albite, calcian, ordered, amongst 
other crystal structures that lead the spectrum to contain too many peaks to allow the identification 
of other compounds. All of this elements and compounds found using XRD and XRF comply with 
other granite studies (Taylor, 1934; Sha & Chappell, 1999). 
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Drop-weight tests were undertaken and the results show that the Mountsorrel granite is an 
extremely hard granite, and analysis of the results has provided t10 and Ecs data. This data is required 
for input into JKSimMet for modelling Mountsorrel Quarry so that the software can accurately model 
breakage within the crushers. 
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4. SPLIT-DESKTOP?IMAGE?ANALYSIS?SOFTWARE?
Split-Desktop is a computer software package that allows the user to determine the PSD of objects in 
a picture by means of image analysis and, in the interest of this research, it can be used to determine 
the PSD of piles of rocks, whether it be a muck pile, stockpile, conveyor belt or any other selection of 
rocks that can be found at a quarry. This is very useful for determining the PSD of rocks that are hard 
to  screen  due  to  inaccessibility  to  obtain  a  sample  or  because  the  rocks  are  too  large  for  the  
conventional screening method. At Mountsorrel Quarry the latter is the case and so Split-Desktop is 
being used to determine the primary crusher feed PSD. 
It is recognised that the conventional screening method is not completely accurate as the fractions 
held by each screen will depend not only on the size of the rock particle but also the shape. This 
means  that  an  elongated  or  heavily  rounded  particle  of  a  size  greater  than  that  of  the  screen  
aperture is able to pass through the screen as Table 6 shows. 
Table 6: Table showing the maximum size that particles with certain aspect ratios and shapes (angular and rounded) can fit 
through a 0.75” (1.905 cm) screen. A 1” (2.54 cm) rounded particle with an aspect ratio of 5:1 can fit through a 0.75” (1.905 
cm)  screen  hole.  These  particles  can  also  be  much  longer  in  the  vertical  axis  and  still  pass  through  the  screen  (Maerz  &  
Lusher, 2001). 
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Being able  to  determine the primary crusher  feed PSD is  important  as  it  will  have an effect  on all  
downstream processes. Knowing the PSD of blast material can also be used to improve blast design 
using software such as JKSimBlast, as a well designed blast may cost more, but can significantly 
reduce costs and energy usage throughout downstream processes. 
Split-Desktop works by taking an image of the aggregates in question and delineating the image into 
various sections using edge detection algorithms, with each section representing a rock particle. 
From these sections it uses various statistical equations to determine the dimensions of each particle. 
Equation 3 is used to determine the size of the particle from what is visible, where xminor = the minor 
axis and xmajor = the major axis. Equation 4 is used to determine what percentage of the particle is 
visible  in  the image (i.e.  the particle  size  calculated in  Equation 3  is  not  likely  to  be <  100% of  the 
actual particle size and Equation 4 calculates what 100% of the particle size would be using 
probability) as most particles will be partially obscured, where p = the probability distribution and x = 
particle size measured from the edge detection algorithms. Equation 5 is used to determine the 
volume of the particles. 
Equation 3: Equation  for  the  particle  size  of  a  rock  particle  derived  from  its  major  axis  (xminor)  and  minor  axis  (xmajor) as 
utilized by Split-Desktop (Kemeny, 1994). 
????????????? = 1.649?????? + 0.004??????  
Equation 4: Equation for the probability distribution (p) for the actual particle size from the measured section from the 
edge detection algorithms (x) used in Split-Desktop (Kemeny, 1994). 
? = ? ?0. 1245 + 27.1259??.????e??.?????  
Equation 5: Equation for the particle volume obtained from the particle area calculated from the edge detection algorithms 
and the particle size calculated from Equation 3 (Kemeny, 1994). 
??????????????? = ?????????????? × ?????????????? 
There are some limitations to Split-Desktop, namely the camera resolution, lighting and picture 
quality. Smaller particles and fines that have a resolution too low to accurately be detected by the 
camera subsequently cannot be delineated and as a result, Split-Desktop will estimate the sizes of 
these particles. This estimation is calculated by constructing a curve by calculating the sizes of the 
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particles with a high enough resolution and utilizing either the Schumann or Rosin-Rammler 
distribution to determine the distribution of the smaller particles (Split-Desktop, 2012). 
The lighting in an image can have a huge effect on the amount of manual editing involved because if 
the lighting is too bright, a lot of shadows can be cast, whilst if the lighting is too low then the image 
will  have indistinct  particle  edges.  Both of  these scenarios  will  lead to  the impairment  of  the edge 
detection algorithms used in Split-Desktop. Because of this, the best conditions for taking images is 
on  overcast  days  as  the  light  is  not  too  bright  and  few  shadows  are  cast.  It  may  not  however  be  
possible to choose the conditions when the images are taken or the location, meaning that the 
images may have to be taken under imperfect lighting. 
The  quality  of  the  image  taken  will  also  affect  how  well  Split-Desktop  can  operate,  because  if  the  
image is blurry, then the edge detection algorithms may not be able to pick out the edges accurately 
and may determine that a blurry particle is larger than it actually is. Blurriness in an image can occur 
due to a number of reasons, including shaky hands, vibrations from machinery causing a tripod to 
shake, from particles moving (e.g. particles being dumped into a crusher) or if the shutter speed is set 
too low on the camera. 
There  will  also  be  the  limitation  of  human  error,  as  it  is  up  to  the  operator  to  determine  which  
delineations are erroneous and where delineations should be added. The degree of this will depend 
upon the user and how much editing is required, which is ultimately down to the quality of the image 
as outlined above. 
Another  potential  issue for  using Split-Desktop for  analysing the PSD from dumper trucks  is  that  it  
often occurs that not all of the particles are dumped into the crusher as, Figure 14 shows. This means 
that the same particle could potentially be imaged in more than one dump, which would affect the 
accuracy of the results. The amount of material that remains on a dumper truck in this manner, 
however, is minute in the scale of the overall material dumped and has been assumed to be 
insignificant. 
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Figure 14: Image of a dumper truck leaving the primary crusher at Mountsorrel Quarry after unloading but still carrying 
some rock particles. 
Therefore, Split-Desktop can be used in a quarry in a number of ways, depending on what the quarry 
operator requires the PSD for. The main uses of Split-Desktop are for determining the PSD of blasted 
and pre-crushed material as it is often too large to screen and for quality control to monitor various 
parts of production. 
Split-Desktop can be used with any number of images, however, the more images used, the more 
representative the resultant PSD obtained will be. This is especially the case when analysing blast 
material from dumper trucks, as the variance in PSD will be much greater than that of crushed and 
screened material, which will have had limitations enforced on the potential size (e.g. screen 
aperture and crusher CSS) resulting in greater variance between each truckload of material. 
Split-Desktop has been validated by Liu & Tran (1996) and, more recently by Split-Desktop and 
Kemeny et al. (1999) by comparing separate Split-Desktop analyses against the manual screening of 
rock samples (Figure 15 and Figure 16). 
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Figure 15: Split-Desktop validation curves of three tests against manual sieving data from Liu & Tran (1996; top) and a later 
study (bottom). Please note that the x axis on the top graph is linear whilst it is logarithmic on the bottom graph 
(Split-Desktop, 2001). 
 
Figure 16: Comparison of PSDs obtained from Split-Desktop (line) and sieving (dots) over 6 surveys (Kemeny et al. 1999). 
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As Figure 15 and Figure 16 show, the accuracy is very high in the 1996 test and more so in the more 
recent validation tests where a newer version of Split-Desktop was used. In addition, through a 
number of experiments, the standard error for Split-Desktop has been found to not exceed 10% and 
is usually lower (Kemeny et al.,  1999).  This  means  that  Split-Desktop  is  a  reliable  tool  that  can  be  
used in particle size analysis. 
4.1?Method?
The initial step in using Split-Desktop is to take an image (preferably multiple) of the rock particles in 
question. An example is shown in Figure 17 of the primary crusher at Mountsorrel Quarry.  
 
Figure 17: Initial image of a dumper unloading into the primary crusher at Mountsorrel Quarry before being analysed with 
Split-Desktop to determine the PSD. 
Once the image is obtained it is imported into Split-Desktop and the software can be used to 
delineate the image. The amount of delineation can be varied (Figure 18) and it is up to the user to 
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determine the most adequate level of delineation. The main factor that will influence this will be the 
lighting as outlined in section 4. 
 
Figure 18: Various delineations (navy blue lines) of the initial picture where the amount of delineation is A<B<C<D. 
Once the level of delineation has been chosen (in this case image B was chosen; Figure 18), scales are 
added  (multiple  scales  will  account  for  perspective),  all  the  areas  that  are  not  of  interest  can  be  
removed (e.g. dumper truck, walls, rock particles from previous dumps etc.), delineations can be 
added or removed depending upon errors made by the software and areas of fine material can be 
added where the particle size is not clear due to the resolution of the image (Figure 19). 
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Figure 19: The delineated image of the feed to the primary crusher at Mountsorrel Quarry (A) and the image editing (B), 
with delineation (dark blue lines), scaling (black line spanning the crusher dome), fines addition (red) and areas that are not 
rock removed (light blue). 
Split-Desktop assumes a normal distribution and can display the PSD data in three ways; as a 
cumulative  curve  (Figure  20A),  as  a  histogram  (Figure  20B)  and  as  a  table  of  raw  data  (Table  7).  
Please note that the copy of Split-Desktop being used for this research is on an academic licence, 
hence the watermarks. The raw data (Table 7) however can be exported to create graphs without the 
watermark in software such as Microsoft Excel. In the above example, the scale was added to the 
tyres of the dumper truck in the background and to the dome of the crusher (looks like a concrete 
ball in the foreground). 
 
Figure 20: PSD cumulative curve (left) and PSD histogram (right) obtained using Split-Desktop and plotted with a logarithmic 
x axis. 
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Table 7: PSD cumulative percent passing in number form with sieve sizes from 444.5 mm down to 0.2032 cm. 
Particle size (mm) Cumulative % passing 
444.5 100 
317.5 98.06 
254 92.52 
190.5 82.75 
127 65.24 
63.5 32.99 
38.1 19.39 
25.4 12.84 
20.32 10.28 
15.24 7.76 
10.16 5.27 
5.08 2.78 
2.54 1.5 
1.905 1.17 
1.27 0.83 
0.9652 0.65 
0.635 0.46 
0.4826 0.36 
0.2032 0.18 
This process was repeated for a number of images and Split-Desktop calculated a PSD curve from all 
the images analysed. The results obtained from Split-Desktop in the form of Table 7 can be inserted 
into JKSimMet as the combiner (feed) size distribution to a crusher (Figure 21). 
 
Figure 21: Image of the PSD feed for a crusher in JKSimMet. 
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By using JKSimMet with Split-Desktop in this way, any changes in PSD calculated from Split-Desktop 
can be entered into JKSimMet and the resultant product PSD from the crusher simulated. The 
product PSD would be different and as a result it would affect all of the downstream processes and 
these affects can also be analysed. 
4.2?Results?
The results obtained using Split-Desktop for the primary crusher feed PSD are shown in Table 8 as the 
percentage retained of each size fraction and in Figure 22 as a cumulative percent passing curve. 
Table 8: Table of the retained size fractions of the primary crusher feed obtained using Split-Desktop. 
Particle size (mm) Percent retained 
1905 2.352 
1270 8.443 
635 27.715 
381 21.378 
254 12.656 
203.2 4.698 
152.4 4.678 
101.6 5.364 
50.8 5.685 
25.4 3.081 
19.05 0.831 
12.7 0.875 
9.652 0.465 
6.35 0.495 
4.826 0.264 
2.032 0.505 
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Figure 22: PSD of the feed to the primary crusher at Mountsorrel Quarry obtained using Split-Desktop. The error bars 
represent standard error. 
As Table 8 and Figure 22 show, more particles fall in the size fraction of 635 mm < x < 1270 mm than 
any other fraction at 27.7%. It also shows that all particle size fractions smaller than 25.4 mm account 
for less than 1% each of the total mass of particles with 4.826 mm < x < 6.35 mm particles being the 
smallest fraction at 0.264%. The results also show that 2.352% of particles are larger than 1905 mm, 
that 72.5% of particles are greater in size than 254 mm and that 0.8% of particles are fines.  
The greatest variance between the dumps analysed was in the 635 mm < x < 1270 mm fraction and 
the least variance being found in the 0 mm < x < 2.032 mm size fraction.  
4.3?Discussion?
As the results show, 0.8% of the primary crusher feed at Mountsorrel Quarry are fines. This may not 
seem significant, but with Mountsorrel Quarry having an annual production rate in excess of 
5,000,000 t (Lafarge Aggregates Ltd, 2006), 0.8% equates to more than 40,000 t of fines produced 
pre-crushing annually. That is a huge amount of waste and, as a result of creating it, a huge amount 
of wasted energy. Some of the fines in the primary crusher feed will, however, be from protective 
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barriers that are placed for safety reasons around the quarry (resulting in the recirculation of some of 
the fines produced.). These figures highlight that even a small reduction in the amount of fines can 
have  a  significant  effect,  as  a  0.1%  reduction  in  fines  from  blasting  would  reduce  the  amount  of  
wasted material pre-crushing by more than 5,000 t per annum. This extra material would then 
increase the tonnage in the crushing process and therefore increase the amount of saleable product. 
With this increased tonnage in the crushing process, the total amount of fines could possibly be 
increased through primary, secondary and tertiary crushing if the difference was great enough, but it 
would lead to a lowering in the lifetime of the crusher liners due to increased tonnage. As there 
would be a greater product to waste ratio from this increased throughput in the crushing process, 
the sales would offset the cost of having to replace the crusher liners more frequently. 
The results obtained for the primary crusher feed at Mountsorrel Quarry do not, however, account 
for secondary breakage on the quarry floor, which means that it cannot be truly indicative of the 
blast fragmentation. The fact that the images are from a number of different blasts will account for 
some variation in geology and any differences in blast design (e.g. variance in the number of blast 
holes). 
The value of comparing the primary crusher feed PSD obtained for Mountsorrel Quarry to that of 
other quarries is questionable, as every quarry will use different blast designs which will affect 
fragmentation, use different equipment for blasting, excavating and transporting, which will affect 
breakage through attrition and abrasion, have a different primary crusher set up which is likely to be 
a completely different model or have different settings and will therefore be able to receive different 
maximum size particles and feed rates and, most importantly the geology will be different, which will 
have a huge effect on the way that the rock breaks up under the explosive forces. Even in the unlikely 
scenario that all of these variables are similar, the subtle differences will combine to have a 
significant  effect  on  the  blast  and  primary  crusher  feed  PSDs.  The  value  of  the  results  from  this  
experiment is therefore site specific for Mountsorrel Quarry and will be used to model Mountsorrel 
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Quarry using JKSimMet (see section 5) as the model requires a primary crusher feed PSD to model 
the quarry accurately. 
Ultimately, having a well designed blast that does not create too many very large boulders or a huge 
amount of fines will have a significant and positive effect on the amount of saleable product 
produced at a quarry. It would also reduce the amount of energy used per tonne of saleable product 
and reduce the percentage of fines produced. This would reduce unwanted expenditure by reducing 
the stockpiles of fines which would lower the quantity of fines that are transported and would lead 
to the quarry operator to savings on fuel, vehicle repairs and man hours. 
4.4?Conclusions?
In conclusion, Split-Desktop is a highly useful image analysis software package that allows the user to 
determine the PSD of rock piles, including primary crusher feed PSDs. This software has been utilised 
for  this  research to  determine the PSD of  the primary crusher  feed at  Mountsorrel  Quarry,  as  it  is  
impractical to screen the feed due to the large size of many of the particles. 
It was found that 0.8% of the feed was fines, although some of this will be from protective barriers 
placed around the quarry for safety reasons and, if a blast design could be produced to reduce this 
percentage, then it would lead to a more profitable quarry. 
The hypothesis that primary crusher feed PSDs can be calculated using Split-Desktop image analysis 
software can be accepted. ?
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5. JKSIMMET?PLANT?MODELLING?SOFTWARE?
JKSimMet is a computer modelling software package that allows the user to model individual pieces 
of aggregate production equipment, including crushers, screens and hydrocyclones. These individual 
pieces can be combined to model an entire plant. However, JKSimMet does not incorporate conveyor 
belts, so the energy used by conveyor belts cannot be calculated. 
JKSimMet works by utilising a number of models to predict how rock particles will break and behave 
in a variety of quarry machines. The Whiten model (Equation 6) is used to simulate crushing, which 
works  by  breaking  the  process  of  crushing  into  two  elements;  the  selection  of  the  particles  for  
breakage and the breakage of the selected particles. The selection of the particles will depend 
primarily upon the particle size relative to the CSS of the crusher, the ET and the choke feeding, 
whilst the product PSD will also depend upon how hard the rock material is (JKMRT, 2003).  
Equation 6: Whiten model, where, p = product size distribution vector, I = unit matrix, C = classification function, 
A = appearance function and f = feed size distribution vector (JKMRT, 2003). 
? = (? ? ?) × (? ? ? × ?)?? × ? 
Equation 6 shows the whiten model, where p = product size distribution vector, I = unit matrix, 
C = classification function, A = appearance function and f = feed size distribution vector. The feed size 
distribution vector can be obtained from site by analysing the particles in the blast pile or feed to a 
crusher.  
The Andersen model is then used to simulate how the rock particles that have been selected for 
breakage under the Whiten model will fracture under crushing. However, for the Anderson model to 
be used, rock fracture data needs to be obtained for the type of rock being looked at. This is obtained 
by undertaking drop-weight tests (see section 3.2.2 Drop-weight tests). The Anderson model 
combines the rock fracture data with the following crusher parameters (Adel et al., 2006): 
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? CSS (mm)  
? Crusher feed 80% passing  
? Crusher product 80% passing  
? ET (mm)  
? Length of the liner (mm)  
? Life of the liner (h) 
Once the rock fracture data has been identified, the Awachie model can be used to determine the 
typical size distribution after breaking. This is done by calculating a value for the parameter t10, which 
is the cumulative percent passing one tenth of the geometric mean size of the test particle. This is 
done similarly for tn, where n = 2, 4, 10, 25, 50 and 75, and thus allowing a full size distribution to be 
simulated (JKMRT, 2003).  
When all of these data have been entered, along with the feed PSD, JKSimMet can then simulate how 
a crusher will crush rocks and simulate product PSDs. These simulated product PSDs are then 
compared to the experimental product PSDs obtained from site to determine if the model is 
simulating accurately. The various crusher and material parameters can be altered to produce a 
different simulated product PSD, which can be analysed to determine if it is beneficial. 
5.1?Method?
The initial step in modelling Mountsorrel Quarry using JKSimMet is to create a flowsheet of the plant 
by combining the feed, primary gyratory crusher, screens, secondary and tertiary cone crushers, 
stock piles, bins and final products in the correct order (Figure 23; mass balance shown in Table 9). 
With this done, the parameters outlined in section 5, and the parameters outlined below are entered 
so the software will run accurate simulations: 
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? Material flow (t h-1) 
? Feed and product PSDs 
? Rock density (t m-3) 
? Rock fracture data (t10 values) 
? Energy data (Ecs values) 
? Rock moisture content (%) 
These parameters were obtained from data collected from analysing samples. The exception to this 
is the primary crusher feed which was obtained by using Split-Desktop as described in section 4.1 
Method. 
 
Key:  = Bin    = Cone crusher   = Feed 
 = Final product   = Gyratory crusher  = Single deck 
 = Stockpile   = Two way splitter 
Figure 23: Flowsheet of Mountsorrel Quarry created using JKSimMet with key, , where a = primary gyratory crusher, 
b = cone crusher 1A, c = cone crusher 1B, d = cone crusher 2, e = cone crusher 3 and f = cone crusher 4. 
a 
b c 
d 
e 
f 
screen 
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As Figure 23 shows, the design of Mountsorrel Quarry consists of the blasted material entering the 
primary crusher, after which, the scalpings are removed before the rock is sent to two cone crushers 
(1A and 1B) which work in parallel. After this the rock is screened and any +70 mm particles are sent 
to cone crusher 2 in a feedback loop. With the -70 mm particles from cone crushers 1A, 1B and 2, any 
63 mm < x < 70 mm particles are sent to cone crusher 3 and any 12 mm < x < 36 mm particles are 
sent to cone crusher 4. The products from cone crushers 3 and 4, along with -12 mm and 
36 mm < x < 63 mm particles are sent to be screened and separated into their final product fractions 
of: 
? -3 mm 
? 3 mm < x < 4 mm 
? 4 mm < x < 5 mm 
? 5 mm < x < 6 mm 
? 10 mm < x < 14 mm 
? 14 mm < x < 20 mm 
? 20 mm < x < 28 mm 
? 28 mm < x < 40 mm 
? 40 mm < x < 63 mm 
Table 9: Mass input for each crusher at  Mountsorrel  Quarry.  The mass output will  be the same as JKSimMet assumes no 
loss or accumulation of mass. 
Crusher Mass input (t h -1) 
Primary gyratory crusher 2750 
Cone crusher 1A 1100 
Cone crusher 1B 900 
Cone crusher 2 750 
Cone crusher 3 443 
Cone crusher 4 482 
Fines 
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There are also four cone crushers (crushers 5, 6, 7 and 8) which are used for re-crushing material 
when there is a demand for smaller particles. However as these are rarely used they have been 
omitted from the flowsheet. 
Once  the  t10 and  Ecs data  have been obtained from the drop-weight  tests  (see section 3.2.2  Drop-
weight tests), the data is entered into the JKSimMet flowsheet for each crusher (Figure 24 and Figure 
25, respectively). This ability allows for much more accurate results to be obtained as the crushers 
will model the crushing to site-specific rock data, not just generic hard, medium or soft rock data that 
most other aggregate plant modelling software allows. 
 
Figure 24: Image of the input field of the rock fracture data (t10) in JKSimMet. 
 
Figure 25: Image of the input field of the energy of comminution data (Ecs) in JKSimMet 
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Once the flowsheet has been created and all of the necessary data entered, JKSimMet utilises the 
Andersen, Awachie and Whiten models to simulate crushing and rock breakage (JKMRT, 2003). 
The simulated product can then be compared to the experimental data obtained from screening 
samples from site. If the simulated product and experimental product PSDs have a strong correlation, 
the model is verified, and various parameters can be varied, and the resultant change in simulated 
product PSDs can be analysed to determine if the change has a positive effect. 
5.2?Results?
All the information collected from site (feed and product PSDs, CSSs, ETs etc.) has been entered into 
the  JKSimMet  flowsheet  of  Mountsorrel  Quarry  and  the  product  PSDs  of  each  crusher  has  been  
simulated to validate the model.  
The simulated product PSD for the primary crusher, simulated using the feed PSD obtained using 
Split-Desktop, is shown in Figure 26. 
 
 
Figure 26: Graph to show the simulated Mountsorrel Quarry primary crusher product PSD obtained using JKSimMet. 
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Figure 26 shows the product PSD of the primary crusher at Mountsorrel Quarry, simulated in 
JKSimMet using the feed PSD obtained from using Split-Desktop (Section 4). As this curve shows, 
roughly 50% of the product is smaller than 90 mm, no particles are larger than 635 mm and it was 
simulated that 5.9% of the product is fines. 
The experimental product PSDs from site are plotted against the simulated product PSDs from 
JKSimMet for crushers 1A, 1B, 2, 3 and 4 in Figure 27, Figure 28, 
Figure 29, Figure 30 and Figure 31, respectively. 
 
Figure 27: Graph to show the simulated (red) and experimental (blue) output PSDs from cone crusher 1A at Mountsorrel 
Quarry. 
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Figure 28: Graph to show the simulated (red) and experimental (blue) output PSDs from cone crusher 1B at Mountsorrel 
Quarry. 
  
Figure 29: Graph to show the simulated (red) and experimental (blue) output PSDs from cone crusher 2 at Mountsorrel 
Quarry. 
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Figure 30: Graph to show the simulated (red) and experimental (blue) output PSDs from cone crusher 3 at Mountsorrel 
Quarry. 
 
Figure 31: Graph to show the simulated (red) and experimental (blue) output PSDs from cone crusher 4 at Mountsorrel 
Quarry. 
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As  Figure  27,  28,  29,  30  and  31  respectively  show,  there  is  a  strong  correlation  between  the  
simulated  and  experimental  product  PSDs  from  crushers  1A,  1B,  2,  3  and  4.  The  correlation  is  
especially  strong at  the finer  and larger  ends of  the scales.  There is  some difference in  the middle  
ranged sizes for all crushers. The largest differences between the simulated and experimental PSDs 
for crushers 1A, 1B, 2, 3 and 4 and the maximum simulated particle sizes are shown in Table 10. 
Table 10: Table outlining the largest differences between the simulated and experimental PSDs and the maximum 
simulated particle sizes for crushers 1A, 1B, 2, 3 and 4. 
Crusher 
Largest difference between 
simulated and experimental product 
Maximum 
simulated particle 
size (mm) Size (mm) Difference (%) 
Cone crusher 1A 37.5 13.96 150 
Cone crusher 1B 37.5 13.26 125 
Cone crusher 2 50 13.10 90 
Cone crusher 3 20 19.17 63 
Cone crusher 4 14 10.51 40 
As Table 10 shows, all of the largest differences are in the middle ranged sizes and the maximum 
particle sizes are what would be expected. Table 11 outlines the percentage of fines calculated from 
experimental and simulated methods for all the crushers, as well as the differences between the two. 
Table 11: Table to show the amount of fines produced by each crusher obtained from site (experimental) and simulated 
using JKSimMet (Simulated). The difference between the experimental and simulated data and mean values are also shown. 
Crusher Experimental fines (%) Simulated fines (%) % Difference 
Primary gyratory crusher N/A 5.9 N/A 
Cone crusher 1A 7.6 7.9 3.8 
Cone crusher 1B 9.8 8.8 11.4 
Cone crusher 2 9.1 10.4 12.5 
Cone crusher 3 15.5 15.0 3.3 
Cone crusher 4 6.0 3.9 53.8 
AS Table 11 shows, the largest percentage of fines (excluding the primary crusher) produced is by 
cone crusher 3 with 15.5%, followed by crushers 1B, 2, 1A 7% and 4 with 9.8%, 9.1%, 7.6% and 6.0%, 
respectively. The simulated percentage of fines produced follows a similar pattern, with crusher 3 > 
crusher  2  >  crusher  1B  >  crusher  1A  >  crusher  4,  with  15.0%,  10.4%,  8.8%,  7.9%  and  3.9%,  
respectively. The difference between the experimental and simulated fines percentages varies from 
3.3% for crusher 3 to 53.8% for crusher 4. 
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Table 12 outlines the power draws, feed rates and the energy used per tonne of material crushed for 
each of the crushers at Mountsorrel Quarry. These power draw values were simulated using 
JKSimMet whilst the feed rates were obtained from site and the energy used per tonne of material 
crushed values calculated by dividing the power draw by the feed rate. 
Table 12: Table outlining the power draws (kW), feed rates (t h-1) and the amount of power used per tonne of material 
crushed (kW h t-1) for each of the crushers at Mountsorrel Quarry obtained using JKSimMet. 
Crusher Power draw (kW) Feed rate (t h-1) Energy per tonne of material crushed (kW h t-1) 
Primary gyratory crusher 332.0 2750 0.12 
Cone crusher 1A 205.6 1100 0.19 
Cone crusher 1B 198.9 900 0.22 
Cone crusher 2 232.5 750 0.31 
Cone crusher 3 207.1 443 0.47 
Cone crusher 4 102.1 482 0.21 
Net 1278.2 N/A 1.52 
As Table 12 shows, the primary crusher has the greatest power draw at 332.0 kW, followed by cone 
crushers 2, 3, 1A, 1B and 4 which use 232.5 kW, 207.1 kW, 205.6 kW, 198.9 kW and 102.1 kW, 
respectively. Table 12 also shows that cone crusher 3 at Mountsorrel Quarry uses the greatest 
amount of power per tonne of material crushed at 0.47 kW h t-1, followed by cone crushers 2, 1B, 4, 
1A and the primary crusher which use 0.31 kW h t-1, 0.22 kW h t-1, 0.21 kW h t-1, and 0.19 kW h t-1, 
and 0.12 kW h t-1 respectively. The net power draw and energy used per tonne of material crushed 
across all the crushers is 1278.2 kW and 1.52 kW h t-1, respectively. 
The JKSimMet flowsheet was also used to simulate the overall  product PSD of Mountsorrel Quarry, 
and the results are shown in Figure 32. 
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Figure 32: The overall output PSD of Mountsorrel Quarry simulated using JKSimMet. 
AS Figure 32 shows, the simulated overall plant production at Mountsorrel Quarry has a fines 
percentage of 13.4%, with the largest size fraction being 20.0 mm < x < 40.0 mm, and there are no 
particles larger than 60.0 mm. 
When the CSS of the primary crusher is reduced from 165.1 mm (which is used on site) to 100.0 mm 
the product PSD changes as a result. This simulated product PSDs for the primary crusher for these 
two CSS settings is shown in Figure 33. 
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Figure 33: Product PSDs for the primary gyratory crusher at Mountsorrel Quarry, with CSS settings of 165.1 mm (the 
operating gap; blue) and 100 mm (red), simulated using JKSimMet. 
As  Figure  33  shows,  when  the  CSS  is  reduced  from  165.1  mm  to  100  mm  there  are  fewer  larger  
particles in the product and the overall percentage of fines increases from 6% to 8.7%, which equates 
to a 45% increase in fines production. The largest simulated difference occurs in the 
101.6 mm < x < 152.4 mm size fraction with the product from the 100.0 mm CSS simulation 
containing 28.6% more. 
The differences in power draw and energy used per tonne of material crushed for the two CSS 
settings on the primary crusher was simulated and are stated in Table 13. 
Table 13: Table outlining the difference in power draw and energy usage, for the primary gyratory crusher at Mountsorrel 
Quarry, when the CSS is varied from 165.1 mm (the operating gap) to 100.0 mm, simulated using JKSimMet. 
Primary crusher CSS (mm) Power draw (kW) Energy per tonne of material crushed (kW h t-1) 
165.1 332.0 0.12 
100.0 472.6 0.17 
Difference 140.6 0.05 
As Table 13 shows, when the CSS is reduced from 165.1 mm to 100.0 mm, the power draw increases 
by 140.6 kW, and the energy per tonne of material crushed increases by 0.05 kW h t-1. 
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The effect of the change in primary crusher CSS from its operating size of 165.1 mm to 100.0 mm on 
the overall product PSD of Mountsorrel Quarry is shown in Figure 34. 
 
Figure 34: The output PSD of Mountsorrel Quarry when the primary crusher CSS is 165.1 mm (the operating gap; blue) and 
100 mm (red), simulated using JKSimMet. 
As  Figure  34  shows,  the  quarry  output  PSDs  are  similar,  but  there  are  fewer  smaller  particles  
produced and the overall  production of  fines  is  18% lower  when the primary crusher  CSS is  set  to  
100.0  mm  when  compared  to  165.1  mm.  The  biggest  difference  was  found  in  the  
7.5 mm < x < 10.0 mm size fraction at 15.5%. 
5.3?Discussion?
The simulated product PSD of the primary crusher shows that 5.9% of the product is fines, which 
equates to more than 162 t h-1. Fines are produced every time a rock particle is fractured, and with 
the number of large particles entering the crusher, needing to be crushed multiple times before they 
become small enough to pass through the operating gap of the crusher, there will be a large amount 
of fines produced. Some of these fines will be due to fines used as protective barriers around the 
quarry floor, some of which will get mixed up with the muck pile and become part of the primary 
crusher feed. 
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The simulation of crushers 1A, 1B, 2, 3 and 4 all show strong correlation with the experimental data, 
with the largest difference being in the size 37.5 mm > x > 50 mm fraction on crusher 1A at 13.96%, 
and a mean difference between simulated and experimental data of 3.33%. These larger differences 
are in the mid-ranged particles sizes, but what is important is that the model is accurately simulating 
the amount of fines produced across all the crushers because the ultimate aim of this research is to 
reduce fines production. This means that as the fines are being simulated accurately, when any 
parameters which affect the product PSDs that are changed, the model will accurately simulate the 
resultant change in fines production. Across crushers 1A, 1B, 2, 3 and 4, the least accurate simulation 
of fines was 2.1% off the experimental data on crusher 4, whilst the most accurate was crusher 1A 
with  0.3%  and  the  mean  over  all  the  crushers  was  1.0%.  This  accuracy  means  that  the  JKSimMet  
model can be used to predict fines production. 
The difference in power draw between the crushers varied from 102.1 kW, on cone crusher 4, to 
332 kW on the primary crusher. The simulated power draw is a function of two main factors; CSS and 
rock fracture data (Bearman et al., 1991). Because the same material is being used in all the crushers, 
the rock fracture data will not influence the difference between the power draws. This suggests that 
the CSS will determine the power draw, and Table 14 shows the CSS settings used on site and the 
power draws simulated using JKSimMet. 
Table 14: Table  highlighting  the  power  draw  and  energy  per  tonne  of  material  crushed  for  each  crusher  at  Mountsorrel  
simulated using JKSimMet and the CSS used on site. 
Crusher Power draw (kW) Energy per tonne of material crushed (kW h t-1) CSS (mm) 
Primary gyratory crusher 332.0 0.12 165.1 
Cone crusher 1A 205.6 0.19 55.0 
Cone crusher 1B 198.9 0.22 50.0 
Cone crusher 2 232.5 0.31 42.0 
Cone crusher 3 207.1 0.47 28.0 
Cone crusher 4 102.1 0.21 28.0 
As Table 14 shows, there is a rough correlation between CSS and power draw, with the larger the CSS, 
the greater the power draw. Cone crusher 2, however, does not fit this pattern and cone crusher 4 
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has a power draw less than half that of cone crusher 3, even though they both have the same CSS. 
This suggests that there are other factors that can influence the power draw. One of these factors 
will be the crusher type; however this will only factor a difference for the primary crusher, as it is a 
gyratory crusher, whilst all of the other crushers are cone crushers, and JKSimMet does not allow the 
entry of specific models, just crusher type. Therefore the crusher type can be ignored for these 
anomalies. Another factor is the feed PSD and feed rate (Cleary, 1998), and this is most likely what 
has caused these differences in power draw. It is worth noting that the CSS of some of the crushers 
are reduced as the crusher liners wear to compensate for the increasing gap. Therefore, the CSS 
settings used in this model are the CSS settings used when the liners are new. 
The energy used per tonne of material crushed (Table 14) is a factor of the power draw and the feed 
rate, and the primary crusher is by far the most efficient crusher, simulated as operating at 
0.12 kW h t-1. Although the primary crusher has the largest power draw (332.0 kW), it also has by far 
the greatest feed rate at 2750 t h-1, which is two and a half times that of the second highest feed rate 
of cone crusher 1A (1100 t h-1). It is therefore because of this high feed rate that the primary crusher 
is the most efficient. The primary crusher has the highest feed rate because all material that 
Mountsorrel Quarry processes goes through the primary crusher, but after the primary crusher, the 
material is split between crushers 1A and 1B and with some material going into the scalping. Crusher 
3  is  the  least  efficient  crusher,  operating  at  0.47  kW  h  t-1 as  it  has  the  lowest  feed  rate  and  the  
highest  simulated  power  draw  at  207.1  kW  and  443  t  h-1, respectively. The energy per tonne of 
material crushed is the most useful parameter to analyse with respect to energy efficiency and the 
greater the throughput, the more efficient the crusher will be operating. 
It may be expected that crushers 1A and 1B would show the same product PSDs and power draws as 
both of these crushers have the same feed PSDs and both are 7’ short head crushers, however their 
feed rates and CSS settings are different. Cone crusher 1A has a feed rate of 1100 t h-1 and a CSS of 
55  mm,  whilst  cone  crusher  1B  has  a  feed  rate  of  900  t  h-1 and  a  CSS  of  50  mm.  The  feed  rate,  
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however, will have an insignificant effect on the product PSD but does explain the difference in 
energy used per tonne of material crushed between the two crushers, as crusher 1A is processing 
more material for a similar power draw and is therefore using less energy per tonne. The difference 
in CSS on the other hand explains why there are two different product PSDs created by these two 
crushers, as the smaller CSS on cone crusher 1B will mean that more particles are being crushed, 
especially  particles  in  the  size  range  of  50  mm  <  x  <  55  mm,  which  are  more  likely  to  fall  straight  
through on cone crusher 1A. 
The simulated overall product of Mountsorrel Quarry shows that 13.4% of the overall product is fines 
and  that  there  are  no  particles  larger  than  60.0  mm.  This  is  possibly  suggesting  that  the  model  is  
predicting slightly more breakage occurring than actually happens, as the largest particle produced at 
Mountsorrel  Quarry  is  63  mm.  However,  this  supports  that  the  JKSimMet  model  is  simulating  the  
overall product within the size ranges that are produced on site.  
The effect of changing the CSS of the primary crusher from 165.1 mm to 100.0 mm on the primary 
crusher product PSD, which resulted in fewer larger particles and more fines, is not a surprising find. 
This is because, by reducing the CSS, it reduces the maximum gap at the bottom of the crusher, and 
therefore reduces the maximum size of a particle that can pass through the gap. This will reduce the 
amount of larger particles produced, compared to when the crusher has a larger CSS. This smaller 
gap  will  also  mean  that  larger  particles  will  be  broken  more  times  before  they  are  able  to  pass  
through the gap, and with each fracture, fines will be produced and, ultimately, more fines will be 
produced. 
The effect of reducing the primary crusher CSS on the overall plant product PSD however, was to give 
an overall reduction in fines. This is because fewer larger particles are being produced by the primary 
crusher, meaning fewer particles will be crushed downstream in crushers 1A, 1B, 2, 3 and 4, as there 
will be more smaller particles that are able to pass straight through the crusher or will be screened 
out prior to crushers 3 and 4. As a result, fewer breakages downstream will result in fewer fines 
M. J. A. Ruszala MRes Chemical Engineering Sciences May 2013 
73 
 
produced, and in this simulation, the difference is great enough to outweigh the amount of extra 
fines produced by the primary crusher to result in fewer fines overall. As a negative effect, reducing 
the primary crusher CSS increases the power draw of the primary crusher so a cost benefit analysis 
would need to be undertaken to determine if the effects of changing the CSS is beneficial. 
In reality, the primary crusher at Mountsorrel Quarry cannot physically reduce its CSS to 100.0 mm, 
but these simulations outline how JKSimMet can be utilised to reduce fines and how complex 
aggregate production is. 
This model can now be used to optimise the quarry to produce fewer fines, use less energy or 
produce more of  a  certain  size  range.  The latter  is  useful  if  one size  range is  more profitable  or  in  
higher demand. However, all of these factors will have positive and adverse effects, such as reducing 
the amount of fines and increase energy usage (as shown above), so a cost benefit analysis would 
need to be undertaken to determine whether an alteration to the plant settings is beneficial. Further 
research into this aspect is planned to be undertaken by a Masters of Research (MRes) student. 
5.4?Conclusions?
In conclusion, a working flowsheet of Mountsorrel Quarry has been created using JKSimMet, and the 
primary crusher product has been simulated using the feed PSD obtained using Split-Desktop. 
Moreover, all the cone crushers at Mountsorrel Quarry (except the crushers used for re-crushing) 
have been successfully modelled and validated, with particular accuracy in the amount of fines 
produced. The power draws and amount of energy use per tonne of material crushed for these 
crushers has also been simulated. It was found that the primary crusher has the highest power draw, 
but is the most efficient due to its large feed rate, whilst cone crusher 3 is the least efficient crusher 
due to its high power draw and low feed rate. The JKSimMet model has also been used to produce an 
overall product PSD for Mountsorrel Quarry which falls within the product size range of the plant, 
with no particles simulated to be larger than 63 mm.  
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By  reducing  the  primary  crusher’s  CSS  from  165.1  mm  to  100.0  mm,  the  effects  of  changing  one  
crusher parameters on the product PSD, of both a single crusher and the entire plant, has been 
shown. This simulation resulted in an increase of 45% in fines produced by the primary crusher, but 
due to the different primary crusher product PSD, the downstream processes created an overall 
reduction  in  fines  of  18%.  This,  however,  is  a  theoretical  example,  as  the  primary  crusher  at  
Mountsorrel Quarry is unable to reduce its CSS to 100.0 mm, but it does highlight how JKSimMet can 
be used to optimise a quarry and shows how complex the processes is. 
The flowsheet created in JKSimMet can be used to optimise Mountsorrel Quarry to produce fewer 
fines, lower energy usage or to produce more of a certain size fraction. This can be accomplished by 
altering equipment settings and/or by adding or removing equipment, and is planned to be 
undertaken by another MRes student who is continuing this research. 
From the results obtained, the hypotheses that UK aggregate quarries can be modelled using 
JKSimMet plant modelling software can be accepted and that JKSimMet can be used to propose ways 
of reducing fines production in UK quarries can be accepted as it has been shown how changing the 
CSS of the primary crusher can reduce the total amount of fines across the entire quarry. 
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6. BLAST?DESIGN?
Excluding the excavation of unwanted material above a reserve, blasting is the initial stage in 
aggregates production and the resultant PSD of the muck pile will affect the efficiency, energy usage 
and the amount of fines produced throughout all the crushing and screening processes downstream. 
An ideal blast would lead to all particles being of a saleable size, resulting in no need no crushing and 
the muck pile would just require screening into its various size fractions. This however, will never 
happen as there will always be fines and oversized particles produced. Some particles from a blast 
will be so large that they will not fit into the primary crusher or potentially cause the crusher to stall, 
and  it  is  up  to  the  discretion  of  the  excavator  operator  to  determine  which  particles  fall  into  this  
category. These particles need to be broken into smaller particles. At Mountsorrel quarry this is 
achieved  by  using  the  excavator  to  drop  a  large  metal  ball  onto  any  particle  that  requires  this  
secondary breakage on the quarry floor, until it is broken into suitably smaller particles. 
Consequently this process takes time and as a result slows down the feed rate into the primary 
crusher, however the amount of time wasted will be less than if the crusher stalls or if a digger needs 
to be called in to remove the particle from the primary crusher.  
To reduce the amount of these large boulders in the first place, larger amounts of explosives can be 
used; however this will produce more fines. Therefore, to reduce the amount of fines produced, a 
lesser amount of explosives can be used; however this will produce more boulders requiring 
secondary breakage on the quarry floor. Because of this a compromise needs to be achieved and, as 
a result, an intermediate amount of fines and large boulders will be produced. 
Further breakage can occur post blasting whilst excavating and transporting the muck pile. This 
occurs through the force of the excavators bucket or through attrition and abrasion caused by 
contact between particles and with the dumper. The effect of these processes however are minimal 
in the scale of the tonnage blasted and are assumed to be insignificant. 
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Once the blast holes have been excavated, quarries can either fill the blast holes completely with 
explosives, or they can add decking, as illustrated in Figure 35. 
 
Figure 35: Diagram to illustrate the concept of decking in blast holes (Farnfield, 2007). 
When undertaking a decked blast, quarries either stagger the detonation timings of the decks, or 
detonate them all together. In the scenario of a two deck blast, which is what Mountsorrel Quarry do 
and is illustrated in Figure 35, quarries will often blast the bottom deck first, as it will intuitively give a 
better blast fragmentation. This is because if  the top deck is detonated first,  a lot of energy will  be 
spent in expelling the rock into the atmosphere, and likewise with the bottom deck. If however the 
bottom deck is detonated first, then a lot more energy will be used in fragmenting the rock and will 
also affect the top half of the rock face, increasing the fragmentation.  
To date there have been no experiments conducted to determine the effects of deck detonation 
order on blast fragmentation. This experiment will look to determine whether the order of deck 
detonation has any significant effect on the primary crusher feed PSD, number particles that require 
secondary breakage on the quarry floor, acoustic levels and vibration readings. 
6.1?Method?
Two blasts were conducted at Mountsorrel Quarry to determine the effects of the order of deck 
detonation on fragmentation. The two blasts were undertaken on adjacent faces to minimise any 
geological variation between the two blasts and the blast designs are shown in Table 15 and Figure 
36. 
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Table 15: Table outlining the number of blast holes, the timings between holes, decks and rows, the offset timing, the type 
of detonator used and the order of deck detonation for blast 1 and blast 1. 
Parameter Blast 1 Blast2 
Number of blast holes 19 19 
Timing between holes (ms) 16 16 
Timing between decks (ms) 24 24 
Timing between rows (ms) 120 120 
Offset to the right (ms) 28 28 
Type of detonator Electronic Electronic 
Order of deck detonation Bottom then top Top then bottom 
 
 
Figure 36: Blast design for blast 1 (top) and blast 2 (bottom) undertaken at Mountsorrel Quarry on 24th July and 31st July 
2012, respectively, where x = End plugs, + = Row controllers, | = Extenders,   = Bench controllers, Black numbers (e.g. 
7) = Hole number and red numbers (e.g. 676) = detonation time (ms). 
As Table 15 and Figure 36 show, both blasts contain the same number of holes, used the same 
timings and were detonated using electronic detonators as electronic detonators have much more 
accurate timings than shock tube (non-electric) detonators (Paley, 2010; Teowee, 2010). The only 
difference in blast design was the order of deck detonation, with the first blast (blast 1) having the 
bottom deck detonated before the top deck, which is the usual design at Mountsorrel Quarry and 
vice versa in the second blast (blast 2). 
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Images  were  taken  from  above  the  primary  crusher  control  room  as  the  two  muck  piles  were  
dumped into the primary crusher. Split-Desktop was utilised as described in section 4.1 Method to 
determine the PSDs of the two different blasts so that they could be compared. Because analysing 
the material being dumped into the primary crusher does not account for particles that require 
secondary breakage on the quarry floor, it therefore does not truly represent the blast fragmentation. 
Because of this, the number of particles that required secondary breakage was recorded. 
Due to the proximity of residents living near Mountsorrel Quarry, the noise and vibrations created by 
every blast need to be monitored using a seismograph. The acoustic levels and vibration readings 
from blasts 1 and 2 were recorded to determine if there was any significant difference between them. 
6.2?Results?
The simulated primary crusher feed PSDs obtained using Split-Desktop for blasts 1 and 2 are shown 
in Figure 37. 
 
Figure 37: Graph the show the primary crusher feed PSDs from blast 1 (blue) and blast 2 (red) obtained using Split-Desktop. 
The error bars represent standard error. 
As Figure 37 shows, there is very little difference between the primary crusher feed PSDs of blasts 1 
and 2 with the largest difference occurring in the 254 mm < x < 381 mm size fraction at 1.14%. These 
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results show that Blast 1 created 0.26% fewer fines than blast 2. As well as showing the similarity of 
the two primary crusher feed PSDs, Figure 37 also shows that all  of the error bars (standard error) 
overlap, meaning that there is statistically no significant difference between the primary crusher 
feeds from blasts 1 and 2. 
Because the primary crusher feed PSDs do not truly represent the blast fragmentation PSDs, during 
the  course  of  a  day’s  excavation  of  the  muck  piles  of  blasts  1  and  2  the  number  of  particles  that  
required secondary breakage were recorded. The results from this, along with the acoustic and 
vibration readings from the two blasts, are shown in Table 16. The full acoustic and vibration 
readings are shown in Appendix III – Blast vibration and acoustic readings. 
Table 16: Table outlining the amount of secondary breakage recorded for the blast piles of blast 1 and blast 2 over the 
course of one day’s excavation. 
Parameter Blast 1 Blast 1 Difference 
Particles requiring secondary breakage 12 14 2 
Acoustic level (dB) 124 121 3 
Radial vibration (mm s-1) 3.239 2.858 0.381 
Vertical vibration (mm s-1) 9.906 11.684 1.778 
Transverse vibration (mm s-1) 4.001 4.064 0.063 
As Table 16 shows, there were more particles that required secondary breakage in blast 2 than 
blast 1, with 14 and 12 particles recorded respectively and blast 2 created a greater amount of noise 
than blast 1, with 124 dB and 121 dB recorded respectively. Blast 1 created greater vibrations in the 
radial plane, whilst blast 2 created greater vibrations in the vertical and transverse planes. The 
greatest difference in vibrations was found in the vertical plane with a difference of 1.778 mm s-1.  
6.3?Discussion?
As shown in Figure 37, the primary crusher feed PSDs for blasts 1 and 2, although having different 
blast designs, are statistically indifferent. The reasons for such close similarities could be because of 
any of the following reasons: 
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? The difference in geology of the two faces that were blasted. 
? The order of deck detonation has no effect in blast fragmentation. 
? The difference in the number of particles that required secondary breakage on the quarry 
floor which could have affected the primary crusher feed PSD. 
? The fact that not every single dump from the blasts was analysed. 
It is unlikely that the difference in the geology of the two faces would act in a way to nullify the effect 
that  the order  of  deck detonation has  on the blast  fragmentation,  as  although there will  be  some 
difference in geology between the two faces, the fact that they were adjacent to each other means 
that they would be unlikely to differ by such a significant amount. It is untrue that the order of deck 
detonation has no effect, as the two blasts resulted in different numbers of particles that required 
secondary breakage on the quarry floor, so this possibility can be discarded. 
The difference in the number of particles that required secondary breakage on the quarry floor will 
have affected the primary crusher feed PSD as these were broken before the images were taken and 
analysed meaning that the primary crusher feed PSD will not be the same as the muck pile PSD. As 
blast 2 contained more of these large particles, it would have had a PSD with a larger percentage of 
larger particles compared to blast 1. 
What is most likely to have had an effect on the similarities of the two crusher feed PSDs is that not 
every dumper that unloaded truckloads of blast material was analysed. Because of this, the results 
obtained  may  not  be  a  true  representation  of  what  the  two  feed  PSDs  were.  As  a  result,  if  this  
experiment were to be repeated, it would be advised that every single truckload of material from 
each blast was imaged and analysed to obtain more representative results. 
During  the  course  of  a  day  there  were  12  rock  particles  from  blast  1  that  underwent  secondary  
breakage on the quarry floor, whilst there were 14 for blast 2. Therefore there were 16.7% more rock 
particles that required secondary breakage in blast 2 than blast 1; however this cannot be concluded 
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as significantly different as these results are just comparing two blasts, and more blasts would be 
required to obtain more useful statistical data. The difference in acoustics and vibrations between 
the two blasts was also found to be insignificant, and well within the limits imposed on Mountsorrel 
Quarry. 
The lack of difference found between the crusher feed PSDs, number of particles requiring secondary 
breakage on the quarry floor, acoustic levels and vibration reading between the two blasts, shows 
that the altering of the order of deck detonation on a two deck blast design has no effect on these 
factor. This may or may not be because not every dump load of each blast was analysed. However, 
altering the deck detonation order may have an effect on other factors that were not measured, such 
as diggability and shape of the rock particles. 
Because an experiment looking at the effect of deck detonation order has not been undertaken 
before, these results cannot be compared to anything in the literature. If this experiment was 
undertaken in a quarry with a different rock type (e.g. limestone) then the geology may have an 
effect, which means that it is more beneficial to detonate one deck before the other, but further 
experiments, in different quarries, would need to be undertaken to determine this. Another 
interesting  factor  of  blast  design  would  be  to  look  at  the  diggability  of  the  muck  pile,  as  this  will  
affect how efficiently the excavator can work and ultimately the fuel consumption of the excavator. 
6.4?Conclusions?
In conclusion, two blasts were undertaken at Mountsorrel Quarry with identical blast designs except 
for the order of deck detonation, with blast 1 having the bottom deck detonated before the top deck, 
and blast 2 having the top deck detonated before the bottom deck. The blasts were undertaken on 
adjacent faces to minimise geological variations, the muck piles were analysed as they were dumped 
into the primary crusher using Split-Desktop, and the number of particles that required secondary 
breakage on the quarry floor was recorded, along with acoustic levels and vibration readings. 
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 It was determined that there was no statistical difference in the primary crusher feed, the number of 
rocks requiring secondary breakage, acoustic levels or vibrations levels between the two blasts. This 
is most likely due to the order of deck detonation having no significant effect on these parameters, 
but could be due to the fact that not every truckload of material from each blast was analysed. 
The hypothesis that there is a significant difference in blast PSD when the order of deck detonation is 
changed can neither be accepted nor rejected, as although there was no significant difference found 
in the parameters measured of the two blasts, the order of deck detonation may have a significant 
effect on other factors, such as diggability or particle shape. The effect of rock type may also give 
different results with the different blast designs, but as this experiment was only undertaken on 
granite, this is not known.  
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7. SUMMARY?OF?RESULTS?AND?CONCLUSIONS?
7.1?Summary?of?results?
A summary of the results obtained for the physical properties of Mountsorrel Quarry granite, the 
primary crusher feed, the JKSimMet model of Mountsorrel Quarry and the effects of altering the 
order of deck detonation in the blast design are outlined below. 
7.1.1?Mountsorrel?Quarry?granite?
The granite at Mountsorrel Quarry was found to be an extremely hard granite whose oxide 
composition, determined using XRF, is predominantly:  SiO2, Al2O3, Na2O, MgO, K2O, Fe2O3 and CaO 
with their respective weight percent of oxides being: 63.3%, 16.8%, 8.3%, 3.24%, 3.02%, 2.17% and 
2.13%. XRD analysis showed that the granite contained the crystalline structures of quartz (SiO2) and 
albite, calcian, ordered (Na,Ca)Al(Si,Al)3O8), amongst other unidentified compounds. 
Ecs and t10 data were also obtained for input into JKSimMet through the analysis of data acquired by 
submitting samples to drop-weight tests. Both the t10 and Ecs data confirmed that the Mountsorrel 
Quarry granite is a very hard rock type. 
These findings from the XRF, XRD and drop-weight test analyses correspond with the elements and 
compounds found in other studies on granite and geology in the area. 
7.1.2?Primary?crusher?feed?
The primary crusher feed PSD at Mountsorrel Quarry was obtained using Split-Desktop image 
analysis software because the particles are too large to obtain a PSD using conventional screening 
methods. It was found that 0.8% of the feed is fines and that more particles fall into the 
635 mm < x < 1270 mm size fraction than any other at 27.7%. It also showed that no particles are 
larger than 3810 mm, and although it may not be 100% accurate, it does give an indication of what 
the PSD is entering the primary crusher as no studies have been undertaken previously at 
Mountsorrel Quarry to determining this. 
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7.1.3?JKSimMet?model?of?Mountsorrel?Quarry?
A flowsheet of the Mountsorrel Quarry aggregate plant was created using JKSimMet and utilised to 
simulate various parts of the quarry. The product PSD of the primary crusher has been simulated 
using the feed PSD simulated using Split-Desktop. This showed that the primary crusher produces 5.9% 
fines and no particles larger than 635 mm. Cone crushers 1A, 1B, 2, 3 and 4 at Mountsorrel Quarry 
have been modelled with a strong correlation between the simulated and experimental product PSD. 
This correlation is very accurate in fines simulations, with a mean difference between simulated and 
experimental data of 1%. Mountsorrel Quarry as a whole has also been successfully modelled using 
JKSimMet, with the simulated product corresponding with the product size ranges produced on site 
and a simulation of 13.4% of the final product being fines.  
The theoretical effect of changing parameters has been shown using JKSimMet. This was 
accomplished by changing the CSS on the primary crusher from 165.1 mm (the operating CSS on site) 
to  100.0  mm,  which  caused  the  primary  crusher  to  produce  45%  more  fines.  The  effect  of  the  
different primary crusher product PSD on the downstream processes (crushers 1A, 1B, 2, 3 and 4 and 
screens) however, meant that the quarry as a whole created 18% fewer fines. This reduction in fines, 
however, increase the power draw of the primary crusher from 332.0 kW to 472.6, kW and therefore 
a cost benefit analysis would need to be undertaken to determine whether the change would be 
profitable. 
The power draw and energy use per tonne of material crushed were also simulated for each crusher. 
This found that although the primary crusher has the greatest power draw, it uses the least amount 
of energy per tonne of material crushed at 0.12 kW h t-1, and is therefore the most efficient, whilst 
crusher 3 is the most inefficient crusher at 0.47 kW h t-1,  due to its high power draw and low feed 
rate. 
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7.1.4?Blast?design?
Two blasts were undertaken to determine whether the order of deck detonation has an effect on any 
of the following parameters: 
? Resultant primary crusher feed PSDs 
? Number of rocks requiring secondary breakage 
? The acoustic levels (dB) 
? Vibration readings (mm s-1) 
The two blasts were undertaken on adjacent rock faces to minimise any variations in geology 
between the two rock faces and they both had the same blasts designs other than the order that the 
decks were detonated (in blast 1 the bottom deck was detonated before the top deck and vice versa 
in blast 2).  
It was found that there was no significant difference between the two blast designs in any of the 
aforementioned parameters. Therefore, it has been determined that the order of deck detonation 
has no significant effect on the aforementioned parameters when conducted in a granite quarry. The 
order  of  deck  detonation  may,  however,  have  an  effect  on  other  parameters,  such  as  muck  pile  
shape and diggability. It may have a significant effect on one of the parameters measured in this 
experiment if undertaken on a different type of rock. Further experiments will need to be 
undertaken to determine this. 
7.2?Conclusions?
In conclusion, this research has looked at various aspects of Mountsorrel Quarry, including the rock 
parameters and blast design. This research has also used JKSimMet plant modelling software to 
create a working model of Mountsorrel Quarry that has been validated against data from site, and 
Split-Desktop image analysis software has been used to simulate the primary crusher feed PSD, 
which was previously unknown. The model was used to simulate various crusher product and feed 
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PSDs, as well as the overall plant product PSD, and it was used to determine the effect of changing 
parameters on said PSDs. From the experiments undertaken, and the results thus obtained, it has 
been determined that the following hypotheses can be accepted. 
? Primary crusher feed PSDs can be calculated using Split-Desktop image analysis software. 
? UK aggregate quarries can be modelled using JKSimMet plant modelling software. 
? JKSimMet  plant  modelling  software  can  be  used  to  propose  ways  of  reducing  fines  
production in UK quarries. 
However, the hypothesis that there is a significant difference in blast PSDs when the order of deck 
detonation is changed can neither be accepted nor rejected. 
 ?
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8. Future?work?
From undertaking this research and analysing the results, a number of areas that would benefit from 
future work have been identified. With respect to the EE-Quarry project, this research is planned to 
be continued by another MRes student. This student will be using this research as a basis, along with 
further information collected to produce a matrix and/or a code using MatLab code writing software 
that  allows the abilities  of  JKSimMet to  be utilised in  the EE-Quarry  top level  model.  The top level  
model, once completed, will be able to be used on any quarry to make it more energy efficient. This 
will be accomplished using the newest version of JKSimMet which is due to be released towards the 
end  of  2012,  and  it  will  have  the  new  ability  of  being  able  to  run  batch  files,  amongst  other  new  
features. 
As for the blast design comparison, it would be extremely interesting to continue looking at the 
comparative fragmentations of different blast sequencing and in different geologies to determine the 
effects that they have on muck pile PSDs as well as the downstream effects of fines production, 
energy and cost. 
? ?
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Appendix?II???PSD?and?power?data?for?EE-Quarry?
BIF?Ore?
Table 17: Rock fracture data for BIF ore (Bailey, 2009). 
Rock fracture data (t10 values) 
Value of t10 t75 t50 t25 t4 t2 
10 2.4 3.0 4.9 23.7 59.8 
20 4.7 6.0 9.6 45.0 87.9 
30 7.2 9.2 14.7 62.8 96.4 
Table 18: PSD, power draw and energy used per tonne of rock crushed for various CSS values for BIF ore calculated using 
JKSimMet. 
Size distribution (cumulative % passing) 
Closed Side Setting 
(mm) 10 15 20 25 30 35 40 45 50 55 
Sc
re
en
 si
ze
 (m
m
) 
150 
Si
ze
 d
ist
rib
ut
io
n 
(c
um
ul
at
iv
e 
%
 p
as
sin
g)
 
100 100 100 100 100 100 100 100 100 100 
125 100 100 100 100 100 100 100 99.99 99.85 99.98 
90 100 100 100 100 100 99.99 99.95 99.51 98.39 96.67 
80 100 100 100 100 100 99.94 99.74 98.78 97 93.78 
75 100 100 100 100 100 99.86 99.46 98.12 95.93 92.21 
63 100 100 100 99.98 99.89 99.15 97.56 95.03 91.63 87.46 
50 100 100 100 99.65 98.36 95.54 91.59 87.05 81.77 76.27 
31.5 100 99.86 97.16 91.09 83.12 74.48 65.88 58.27 51.81 46.34 
25 100 98.37 91.2 81.29 70.46 60.74 52.54 45.92 40.57 36.3 
20 99.79 93.58 82.04 69.05 57.49 48.67 42.03 36.82 32.61 29.26 
14 94.82 78.47 61.22 48.66 40.28 34.2 29.74 26.28 23.46 21.19 
10 82.36 58.81 44.12 35.2 29.44 25.28 22.19 19.76 17.76 16.14 
6.3 55.48 37.13 28.2 22.88 19.37 16.78 14.81 13.25 11.94 10.87 
5 44.08 29.86 22.94 18.74 15.94 13.85 12.24 10.97 9.89 9.007 
4 35.67 24.61 19.12 15.73 13.45 11.73 10.4 9.344 8.439 7.7 
2 19.77 14.27 11.37 9.502 8.22 7.232 6.45 5.831 5.287 4.846 
1 11.86 8.795 7.117 6.008 5.244 4.643 4.155 3.772 3.424 3.145 
0 0 0 0 0 0 0 0 0 0 0 
 
Power (kW) 248.4 213.9 192 176.1 164.1 154.3 146.4 139.6 133.7 128.4 
Energy per tonne of 
material (kWh/t) 1.66 1.43 1.28 1.17 1.09 1.03 0.98 0.93 0.89 0.86 
Energy for fines 
(kWh/t) 0.73 0.43 0.29 0.22 0.17 0.14 0.12 0.10 0.09 0.08 
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Copper?carbonatitie?
Table 19: Rock fracture data for copper carbonatitie (Lowndes, 2005). 
Rock fracture data (t10 values) 
Value of t10 t75 t50 t25 t4 t2 
10 2.6 3.4 5.2 21.4 51.4 
20 5.4 7.0 10.7 43.4 82.1 
30 8.7 11.0 16.5 63.8 97.2 
Table 20: PSD for various CSS values for copper carbonatite calculated using JKSimMet. 
Size distribution (cumulative % passing) 
Closed Side Setting (mm) 10 15 20 25 30 35 40 45 50 55 
Sc
re
en
 si
ze
 (m
m
) 
150 
Si
ze
 d
ist
rib
ut
io
n 
(c
um
ul
at
iv
e 
%
 p
as
sin
g)
 
100 100 100 100 100 100 100 100 100 100 
125 100 100 100 100 100 100 100 99.99 99.88 99.98 
90 100 100 100 100 100 99.98 99.95 99.48 98.29 96.45 
80 100 100 100 100 100 99.91 99.71 98.63 96.67 93.2 
75 100 100 100 100 99.99 99.81 99.38 97.85 95.42 91.38 
63 100 100 100 99.99 99.86 99 97.2 94.31 90.54 85.98 
50 100 100 100 99.65 98.25 95.21 90.94 86.02 80.41 74.6 
31.5 100 99.85 96.98 90.58 82.3 73.44 64.79 57.16 50.81 45.45 
25 100 98.25 90.66 80.36 69.37 59.72 51.77 45.32 40.17 35.98 
20 99.78 93.2 81.19 68.06 56.7 48.16 41.85 36.8 32.74 29.39 
14 94.58 77.76 60.64 48.5 40.48 34.61 30.29 26.83 24.04 21.71 
10 81.75 58.47 44.45 35.92 30.28 26.15 23.1 20.61 18.59 16.88 
6.3 55.51 38.1 29.47 24.2 20.64 17.97 15.98 14.3 12.94 11.76 
5 44.81 31.24 24.44 20.22 17.32 15.12 13.47 12.07 10.93 9.931 
4 36.97 26.24 20.76 17.3 14.89 13.04 11.65 10.46 9.492 8.634 
2 21.66 16.05 12.98 10.96 9.504 8.356 7.499 6.739 6.131 5.577 
1 13.48 10.16 8.256 6.977 6.039 5.286 4.742 4.242 3.857 3.498 
0 0 0 0 0 0 0 0 0 0 0 
? ?
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Talc?de?luzenac?
Table 21: Rock fracture data for talc de luzenac (Lowndes, 2005). 
Rock frackture data (t10 values) 
Value of t10 t75 t50 t25 t4 t2 
10 3.0 3.6 5.4 19.9 50.0 
20 5.8 7.3 11.0 39.6 82.0 
30 8.8 11.2 16.8 57.5 98.4 
Table 22: PSD for various CSS values for hard talc calculated using JKSimMet. 
Size distribution (cumulative % passing) 
Closed Side Setting (mm) 10 15 20 25 30 35 40 45 50 55 
Sc
re
en
 si
ze
 (m
m
) 
150 
Si
ze
 d
ist
rib
ut
io
n 
(c
um
ul
at
iv
e 
%
 p
as
sin
g)
 
100 100 100 100 100 100 100 100 100 100 
125 100 100 100 100 100 100 100 99.99 99.88 99.98 
90 100 100 100 100 100 99.99 99.95 99.48 98.3 96.47 
80 100 100 100 100 100 99.93 99.71 98.63 96.68 93.23 
75 100 100 100 100 99.99 99.83 99.38 97.85 95.42 91.4 
63 100 100 100 99.98 99.86 99 97.16 94.26 90.46 85.87 
50 100 100 100 99.62 98.18 95.05 90.63 85.6 79.87 73.94 
31.5 100 99.85 96.88 90.24 81.65 72.48 63.49 55.66 49.17 43.74 
25 100 98.19 90.35 79.67 68.28 58.34 50.12 43.57 38.38 34.22 
20 99.77 92.97 80.55 66.96 55.25 46.55 40.11 35.08 31.08 27.83 
14 94.42 77.07 59.45 47.05 38.98 33.2 28.94 25.62 22.95 20.73 
10 81.28 57.41 43.21 34.73 29.25 25.32 22.35 20 18.07 16.42 
6.3 54.63 37.23 28.86 23.81 20.41 17.89 15.91 14.31 12.97 11.79 
5 43.97 30.7 24.2 20.16 17.37 15.28 13.61 12.25 11.1 10.08 
4 36.33 26.04 20.82 17.48 15.13 13.35 11.91 10.73 9.731 8.838 
2 22.03 16.63 13.6 11.53 10.02 8.866 7.911 7.13 6.469 5.868 
1 14.49 11.1 9.119 7.743 6.736 5.974 5.332 4.809 4.367 3.953 
0 0 0 0 0 0 0 0 0 0 0 
? ?
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Lead-zinc?ore?
Table 23: Rock fracture data for lead-zinc ore (Lowndes, 2005). 
Rock frackture data (t10 values) 
Value of t10 t75 t50 t25 t4 t2 
10 3.2 3.9 5.5 23.9 53.2 
20 6.5 7.9 11.2 44.8 84.5 
30 10.0 12.1 17.0 62.6 99.1 
Table 24: PSD for various CSS values for lead-zinc ore calculated using JKSimMet.  
Size distribution (cumulative % passing) 
Closed Side Setting (mm) 10 15 20 25 30 35 40 45 50 55 
Sc
re
en
 si
ze
 (m
m
) 
150 
Si
ze
 d
ist
rib
ut
io
n 
(c
um
ul
at
iv
e 
%
 p
as
sin
g)
 
100 100 100 100 100 100 100 100 100 100 
125 100 100 100 100 100 100 100 99.99 99.87 99.98 
90 100 100 100 100 100 99.98 99.95 99.48 98.3 96.49 
80 100 100 100 100 100 99.92 99.71 98.66 96.73 93.32 
75 100 100 100 100 99.99 99.83 99.39 97.91 95.53 91.56 
63 100 100 100 99.99 99.87 99.05 97.29 94.52 90.85 86.4 
50 100 100 100 99.66 98.32 95.41 91.27 86.54 81.08 75.42 
31.5 100 99.86 97.08 90.9 82.9 74.31 65.85 58.38 52.08 46.75 
25 100 98.32 90.98 81.01 70.32 60.87 53 46.61 41.42 37.21 
20 99.79 93.44 81.81 69.01 57.84 49.38 43.05 37.98 33.84 30.45 
14 94.76 78.43 61.64 49.58 41.54 35.61 31.19 27.67 24.79 22.42 
10 82.29 59.44 45.44 36.8 31.06 26.84 23.69 21.15 19.06 17.32 
6.3 56.48 38.98 30.16 24.74 21.09 18.36 16.3 14.62 13.21 12.03 
5 45.8 32 25.01 20.66 17.69 15.46 13.76 12.37 11.19 10.2 
4 37.91 26.92 21.27 17.71 15.26 13.4 11.97 10.8 9.792 8.946 
2 22.54 16.8 13.68 11.62 10.16 9.015 8.119 7.373 6.712 6.153 
1 14.63 11.29 9.356 8.019 7.044 6.26 5.641 5.121 4.653 4.261 
0 0 0 0 0 0 0 0 0 0 0 
? ?
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Limestone?
Table 25: Rock fracture data for limestone (Bailey, 2009). 
Rock fracture data (t10 values) 
Value of t10 t75 t50 t25 t4 t2 
10 2.7 3.3 5.0 23.3 52.7 
20 5.7 6.9 10.3 43.3 81.7 
30 9.0 10.8 15.9 60.1 94.2 
Table 26: PSD for various CSS values for limestone calculated using JKSimMet. 
Size distribution (cumulative % passing) 
Closed Side Setting (mm) 10 15 20 25 30 35 40 45 50 55 
Sc
re
en
 si
ze
 (m
m
) 
150 
Si
ze
 d
ist
rib
ut
io
n 
(c
um
ul
at
iv
e 
%
 p
as
sin
g)
 
100 100 100 100 100 100 100 100 100 100 
125 100 100 100 100 100 100 100 100 99.87 99.98 
90 100 100 100 100 100 99.98 99.95 99.95 98.28 96.45 
80 100 100 100 100 100 99.91 99.71 99.71 96.67 93.22 
75 100 100 100 100 99.99 99.81 99.38 99.38 95.43 91.41 
63 100 100 100 99.99 99.86 99.01 97.22 97.22 90.62 86.09 
50 100 100 100 99.66 98.28 95.3 91.08 91.08 80.7 74.95 
31.5 100 99.85 97.03 90.74 82.6 73.89 65.36 65.36 51.53 46.18 
25 100 98.27 90.8 80.67 69.84 60.32 52.45 52.45 40.9 36.68 
20 99.78 93.28 81.45 68.51 57.27 48.8 42.51 42.51 33.36 29.97 
14 94.63 78 61.05 48.99 40.97 35.07 30.7 30.7 24.36 21.99 
10 81.89 58.78 44.78 36.21 30.5 26.31 23.21 23.21 18.64 16.9 
6.3 55.69 38.2 29.44 24.09 20.48 17.78 15.76 15.76 12.73 11.55 
5 44.91 31.16 24.23 19.95 17.02 14.82 13.16 13.16 10.66 9.669 
4 36.94 26 20.42 16.93 14.51 12.69 11.3 11.3 9.202 8.359 
2 21.39 15.71 12.66 10.69 9.277 8.193 7.356 7.356 6.064 5.524 
1 13.48 10.23 8.41 7.197 6.297 5.594 5.047 5.047 4.182 3.804 
0 0 0 0 0 0 0 0 0 0 0 
? ?
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Porphyry?copper?
Table 27: Rock fracture data for lead-zinc ore (Bailey, 2009). 
Rock fracture data (t10 values) 
Value of t10 t75 t50 t25 t4 t2 
10 3.1 3.7 5.4 23.3 55.4 
20 6.5 7.8 11.2 44.4 85.1 
30 10.1 12.2 17.3 62.5 96.9 
Table  28:  PSD,  power  draw  and  energy  used  per  tonne  of  rock  crushed  for  various  CSS  values  for  porphyry  copper  
calculated using JKSimMet. 
Size distribution (cumulative % passing) 
Closed Side Setting 
(mm) 10 15 20 25 30 35 40 45 50 55 
Sc
re
en
 si
ze
 (m
m
) 
150 
Si
ze
 d
ist
rib
ut
io
n 
(c
um
ul
at
iv
e 
%
 p
as
sin
g)
 
100 100 100 100 100 100 100 100 100 100 
125 100 100 100 100 100 100 100 99.99 99.86 99.98 
90 100 100 100 100 100 99.99 99.95 99.49 98.33 96.55 
80 100 100 100 100 100 99.93 99.72 98.7 96.82 93.48 
75 100 100 100 100 100 99.84 99.41 97.98 95.66 91.78 
63 100 100 100 99.99 99.88 99.08 97.38 94.68 91.09 86.73 
50 100 100 100 99.66 98.32 95.42 91.33 86.63 81.2 75.57 
31.5 100 99.86 97.09 90.9 82.84 74.17 65.61 58.04 51.66 46.27 
25 100 98.33 91.01 80.98 70.17 60.57 52.55 46.05 40.8 36.58 
20 99.79 93.46 81.8 68.85 57.5 48.88 42.44 37.31 33.16 29.8 
14 94.77 78.38 61.37 49.11 40.96 34.99 30.59 27.1 24.25 21.94 
10 82.3 59.17 44.94 36.23 30.53 26.35 23.25 20.76 18.69 17.01 
6.3 56.18 38.46 29.67 24.32 20.75 18.07 16.05 14.4 13 11.86 
5 45.33 31.5 24.59 20.31 17.42 15.22 13.55 12.18 11 10.05 
4 37.36 26.46 20.91 17.41 15.02 13.17 11.77 10.61 9.598 8.788 
2 22.15 16.5 13.42 11.38 9.952 8.804 7.93 7.191 6.526 6.004 
1 14.47 11.14 9.229 7.911 6.976 6.196 5.604 5.093 4.619 4.257 
0 0 0 0 0 0 0 0 0 0 0 
 
Power (kW) 213.4 181.6 160.3 145.4 134.7 126.6 120.3 115.2 110.9 107.4 
Energy per tonne of 
material (kWh/t) 1.42 1.21 1.07 0.97 0.90 0.84 0.80 0.77 0.74 0.72 
Energy for fines 
(kWh/t) 0.64 0.38 0.26 0.20 0.16 0.13 0.11 0.09 0.08 0.07 
 
  
M. J. A. Ruszala MRes Chemical Engineering Sciences May 2013 
104 
 
Jaw?crusher?then?variable?CSS?cone?crusher???basalt?
Table 29: Product  PSDs  for  basalt  going  into  a  jaw  crusher,  then  a  cone  crusher  for  various  CSS  settings.  Power  draw  is  
shown and all values were simulated using JKSimMet; continued overleaf. 
 
 ?
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Jaw?crusher?then?variable?CSS?cone?crusher???BIF?ore?
Table 30: Product  PSDs  for  BIF  ore  going  into  a  jaw  crusher,  then  a  cone  crusher  for  various  CSS  settings.  Power  draw  is  
shown and all values were simulated using JKSimMet; continued overleaf. 
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Jaw?crusher?then?variable?CSS?cone?crusher???granite?
Table 31: Product PSDs for granite going into a jaw crusher, then a cone crusher for various CSS settings. Power draw is 
shown and all values were simulated using JKSimMet; continued overleaf. 
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Jaw?crusher?then?variable?CSS?cone?crusher???hard?talc??
Table 32: Product PSDs for hard talc going into a jaw crusher, then a cone crusher for various CSS settings. Power draw is 
shown and all values were simulated using JKSimMet; continued overleaf. 
 
 ?
M. J. A. Ruszala MRes Chemical Engineering Sciences May 2013 
111 
 
 
M. J. A. Ruszala MRes Chemical Engineering Sciences May 2013 
112 
 
Jaw?crusher?then?variable?CSS?cone?crusher???lead-zinc?ore?
Table 33: Product PSDs for lead-zinc ore going into a jaw crusher, then a cone crusher for various CSS settings. Power draw 
is shown and all values were simulated using JKSimMet; continued overleaf 
 ?
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Jaw?crusher?then?variable?CSS?cone?crusher???porphyry?copper?
Table 34: Product PSDs for porphyry copper going into a jaw crusher, then a cone crusher for various CSS settings. Power 
draw is shown and all values were simulated using JKSimMet; continued overleaf. 
 
 ?
M. J. A. Ruszala MRes Chemical Engineering Sciences May 2013 
115 
 
 
M. J. A. Ruszala MRes Chemical Engineering Sciences May 2013 
116 
 
Jaw?crusher?then?variable?CSS?cone?crusher?–copper?carbonatitie?
Table 35: Product PSDs for copper carbonatitie going into a jaw crusher, then a cone crusher for various CSS settings. Power 
draw is shown and all values were simulated using JKSimMet; continued overleaf. 
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Variable?CSS?jaw?crusher,?screen,?then?cone?crusher???basalt??
Table 36: Product PSDs for basalt entering a jaw crusher with variable CSSs, then into a cone crusher or with a screen in 
between (denoted with (s)). Power data is shown and values were calculated using JKSimMet. CC = cone crusher product 
and U/S = screen undersize product. 
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Variable?CSS?jaw?crusher,?screen,?then?cone?crusher???BIF?ore?
Table 37: Product PSDs for BIF ore entering a jaw crusher with variable CSSs, then into a cone crusher or with a screen in 
between (denoted with (s)). Power data is shown and values were calculated using JKSimMet. CC = cone crusher product 
and U/S = screen undersize product; continued overleaf. 
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Variable?CSS?jaw?crusher,?screen,?then?cone?crusher???granite?
Table 38: Product PSDs for granite entering a jaw crusher with variable CSSs, then into a cone crusher or with a screen in 
between (denoted with (s)). Power data is shown and values were calculated using JKSimMet. CC = cone crusher product 
and U/S = screen undersize product; continued overleaf. 
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Variable?CSS?jaw?crusher,?screen,?then?cone?crusher???hard?talc?
Table 39: Product PSDs for hard talc entering a jaw crusher with variable CSSs, then into a cone crusher or with a screen in 
between (denoted with (s)). Power data is shown and values were calculated using JKSimMet. CC = cone crusher product 
and U/S = screen undersize product; continued overleaf. 
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Variable?CSS?jaw?crusher,?screen,?then?cone?crusher???lead-zinc?ore?
Table 40: Product PSDs for lead-zinc ore entering a jaw crusher with variable CSSs, then into a cone crusher or with a screen 
in between (denoted with (s)). Power data is shown and values were calculated using JKSimMet. CC = cone crusher product 
and U/S = screen undersize product; continued overleaf. 
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Variable?CSS?jaw?crusher,?screen,?then?cone?crusher???porphyry?copper?
Table 41: Product PSDs for porphyry copper entering a jaw crusher with variable CSSs,  then into a cone crusher or with a 
screen in between (denoted with (s)). Power data is shown and values were calculated using JKSimMet. CC = cone crusher 
product and U/S = screen undersize product; continued overleaf. 
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Variable?CSS?jaw?crusher,?screen,?then?cone?crusher???copper?carbonatitie?
Table 42: Product PSDs for copper carbonatitie entering a jaw crusher with variable CSSs, then into a cone crusher or with a 
screen in between (denoted with (s)). Power data is shown and values were calculated using JKSimMet. CC = cone crusher 
product and U/S = screen undersize product; continued overleaf. 
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Jaw?crusher???basalt?
Table 43: Product PSDs for basalt entering a jaw crusher with variable CSSs. Power Values were calculated using JKSimMet; 
continued overleaf. 
 ?
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Jaw?crusher???BIF?ore?
Table 44: Product  PSDs  for  BIF  ore  entering  a  jaw  crusher  with  variable  CSSs.  Power  data  is  shown  and  values  were  
calculated using JKSimMet; continued overleaf. 
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Jaw?crusher???granite?
Table 45: Product  PSDs  for  granite  entering  a  jaw  crusher  with  variable  CSSs.  Values  were  calculated  using  JKSimMet;  
continued overleaf. 
 ?
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Jaw?crusher???hard?talc?
Table 46: Product  PSDs  for  hard  talc  entering  a  jaw  crusher  with  variable  CSSs.  Power  data  is  shown  and  values  were  
calculated using JKSimMet; continued overleaf. 
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Jaw?crusher???lead-zinc?ore?
Table 47: Product PSDs for lead-zinc ore entering a jaw crusher with variable CSSs.  Power data is  shown and values were 
calculated using JKSimMet; continued overleaf. 
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Jaw?crusher???porphyry?copper?
Table 48: Product PSDs for porphyry copper entering a jaw crusher with variable CSSs. Power data is shown and values 
were calculated using JKSimMet; continued overleaf. 
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Jaw?crusher???copper?carbonatitie?
Table 49: Product PSDs for copper carbonatitie entering a jaw crusher with variable CSSs. Values were calculated using 
JKSimMet; continued overleaf. 
 ?
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Affect?of?feed?rate???basalt?
Table 50: Product PSDs of basalt passing through a jaw crusher with varying feed rates. Power data is shown and values 
were calculated using JKSimMet.?
CSS (mm) 75    
    
      
    
  Product PSD  
    Feed rate (t h-1) 
10 333 657  
Feed rate (t h-1) Power draw (kW) 
Size (mm) Feed  10 81.395 
460 0.000 0.000 0.000 0.000  60 88.368 
290 10.000 0.000 0.000 0.000  110 95.341 
230 6.124 0.000 0.000 0.000  160 102.314 
145 8.876 0.000 0.000 0.000  210 109.287 
115 6.273 0.035 0.035 0.035  260 116.26 
87 5.808 3.199 3.199 3.199  310 117.031 
50 7.576 23.740 23.740 23.740  333 123.233 
45 3.841 5.616 5.616 5.616  357 129.788 
37.5 6.366 9.893 9.893 9.893  407 136.731 
31.5 5.695 7.909 7.909 7.909  457 143.734 
26.5 5.173 7.049 7.049 7.049  507 150.708 
22.4 3.604 4.852 4.852 4.852  557 157.681 
19 3.030 4.063 4.063 4.063  607 164.654 
16 2.544 3.322 3.322 3.322  657 171.627 
13.2 2.476 3.192 3.192 3.192      
11.2 4.355 4.734 4.734 4.734      
9.5 4.008 4.412 4.412 4.412      
8 4.017 4.246 4.246 4.246      
6.3 4.442 4.738 4.738 4.738      
4.75 4.704 5.080 5.080 5.080      
3.35 1.087 1.667 1.667 1.667      
2.36 0.001 0.573 0.573 0.573      
1.18 0.000 0.863 0.863 0.863      
0.6 0.000 0.441 0.441 0.441      
0.3 0.000 0.207 0.207 0.207      
0.15 0.000 0.094 0.094 0.094      
0 0.000 0.078 0.078 0.078      
?
 ?
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Affect?of?feed?rate???BIF?ore?
Table 51: Product PSDs of  BIF ore passing through a jaw crusher with varying feed rates. Power data is  shown and values 
were calculated using JKSimMet.  
CSS (mm) 75    
    
      
    
  Product PSD  
    Feed rate (t h-1) 
10 333 657  
Feed rate (t h-1) Power draw (kW) 
Size (mm) Feed  10 81.195 
460 0.000 0.000 0.000 0.000  60 87.167 
290 10.000 0.000 0.000 0.000  110 93.14 
230 6.124 0.000 0.000 0.000  160 99.113 
145 8.876 0.000 0.000 0.000  210 105.085 
115 6.273 0.028 0.028 0.028  260 111.058 
87 5.808 2.872 2.872 2.872  310 117.031 
50 7.576 24.040 24.040 24.040  333 119.778 
45 3.841 5.776 5.776 5.776  357 122.645 
37.5 6.366 10.170 10.170 10.170  407 128.618 
31.5 5.695 7.992 7.992 7.992  457 134.59 
26.5 5.173 7.073 7.073 7.073  507 140.563 
22.4 3.604 4.840 4.840 4.840  557 146.536 
19 3.030 4.041 4.041 4.041  607 152.508 
16 2.544 3.325 3.325 3.325  657 158.481 
13.2 2.476 3.200 3.200 3.200      
11.2 4.355 4.804 4.804 4.804      
9.5 4.008 4.450 4.450 4.450      
8 4.017 4.337 4.337 4.337      
6.3 4.442 4.801 4.801 4.801      
4.75 4.704 5.118 5.118 5.118      
3.35 1.087 1.555 1.555 1.555      
2.36 0.001 0.362 0.362 0.362      
1.18 0.000 0.362 0.362 0.362      
0.6 0.000 0.237 0.237 0.237      
0.3 0.000 0.175 0.175 0.175      
0.15 0.000 0.125 0.125 0.125      
0 0.000 0.317 0.317 0.317      
 ?
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Affect?of?feed?rate???granite?
 Table 52: Product PSDs of granite passing through a jaw crusher with varying feed rates. Power data is shown and values 
were calculated using JKSimMet. 
CSS (mm) 75 
   
      
  
Product PSD 
 
Feed rate (t h-1) 
10 333 657  
Feed rate (t h-1) Power draw (kW) 
Size (mm) Feed 
 
10 81.288 
460 0.000 0.000 0.000 0.000 
 
60 87.731 
290 10.000 0.000 0.000 0.000 
 
110 94.173 
230 6.124 0.000 0.000 0.000 
 
160 100.615 
145 8.876 0.000 0.000 0.000 
 
210 107.057 
115 6.273 0.029 0.029 0.029 
 
260 113.499 
87 5.808 3.114 3.114 3.114 
 
310 119.941 
50 7.576 24.620 24.620 24.620 
 
333 122.905 
45 3.841 5.635 5.635 5.635 
 
357 125.997 
37.5 6.366 9.876 9.876 9.876 
 
407 132.439 
31.5 5.695 7.784 7.784 7.784 
 
457 138.881 
26.5 5.173 6.904 6.904 6.904 
 
507 145.323 
22.4 3.604 4.707 4.707 4.707 
 
557 151.766 
19 3.030 3.932 3.932 3.932 
 
607 158.208 
16 2.544 3.236 3.236 3.236 
 
657 164.65 
13.2 2.476 3.120 3.120 3.120 
     
11.2 4.355 4.742 4.742 4.742 
     
9.5 4.008 4.424 4.424 4.424 
     
8 4.017 4.302 4.302 4.302 
     
6.3 4.442 4.794 4.794 4.794 
     
4.75 4.704 5.126 5.126 5.126 
     
3.35 1.087 1.615 1.615 1.615 
     
2.36 0.001 0.408 0.408 0.408 
     
1.18 0.000 0.430 0.430 0.430 
     
0.6 0.000 0.294 0.294 0.294 
     
0.3 0.000 0.227 0.227 0.227 
     
0.15 0.000 0.171 0.171 0.171 
     
0 0.000 0.514 0.514 0.514 
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Affect?of?feed?rate???hard?talc??
Table 53: Product PSDs of hard talc passing through a jaw crusher with varying feed rates. Power data is shown and values 
were calculated using JKSimMet. 
CSS (mm) 75    
    
      
    
  Product PSD  
    Feed rate (t h-1) 
10 333 657  
Feed rate (t h-1) Power draw (kW) 
Size (mm) Feed  10 81.395 
460 0.000 0.000 0.000 0.000  60 88.369 
290 10.000 0.000 0.000 0.000  110 95.344 
230 6.124 0.000 0.000 0.000  160 102.319 
145 8.876 0.000 0.000 0.000  210 109.293 
115 6.273 0.033 0.033 0.033  260 116.268 
87 5.808 3.292 3.292 3.292  310 123.242 
50 7.576 24.610 24.610 24.610  333 126.45 
45 3.841 5.605 5.605 5.605  357 129.798 
37.5 6.366 9.815 9.815 9.815  407 136.773 
31.5 5.695 7.753 7.753 7.753  457 143.747 
26.5 5.173 6.881 6.881 6.881  507 150.722 
22.4 3.604 4.694 4.694 4.694  557 157.696 
19 3.030 3.923 3.923 3.923  607 164.671 
16 2.544 3.227 3.227 3.227  657 171.645 
13.2 2.476 3.112 3.112 3.112      
11.2 4.355 4.732 4.732 4.732      
9.5 4.008 4.417 4.417 4.417      
8 4.017 4.289 4.289 4.289      
6.3 4.442 4.780 4.780 4.780      
4.75 4.704 5.104 5.104 5.104      
3.35 1.087 1.595 1.595 1.595      
2.36 0.001 0.388 0.388 0.388      
1.18 0.000 0.403 0.403 0.403      
0.6 0.000 0.285 0.285 0.285      
0.3 0.000 0.230 0.230 0.230      
0.15 0.000 0.180 0.180 0.180      
0 0.000 0.653 0.653 0.653      
 ?
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Affect?of?feed?rate???lead-zinc?ore?
Table 54: Product PSDs of  lead-zinc ore passing through a jaw crusher with varying feed rates. Power data is shown and 
values were calculated using JKSimMet. 
CSS (mm) 75    
    
      
    
  Product PSD  
    Feed rate (t h-1) 
10 333 657  
Feed rate (t h-1) Power draw (kW) 
Size (mm) Feed  10 81.385 
460 0.000 0.000 0.000 0.000  60 88.312 
290 10.000 0.000 0.000 0.000  110 95.24 
230 6.124 0.000 0.000 0.000  160 102.167 
145 8.876 0.000 0.000 0.000  210 109.094 
115 6.273 0.037 0.037 0.037  260 116.021 
87 5.808 3.110 3.110 3.110  310 122.948 
50 7.576 22.960 22.960 22.960  333 126.134 
45 3.841 5.581 5.581 5.581  357 129.459 
37.5 6.366 9.887 9.887 9.887  407 136.386 
31.5 5.695 7.963 7.963 7.963  457 143.313 
26.5 5.173 7.128 7.128 7.128  507 150.24 
22.4 3.604 4.955 4.955 4.955  557 157.167 
19 3.030 4.163 4.163 4.163  607 164.094 
16 2.544 3.439 3.439 3.439  657 171.022 
13.2 2.476 3.316 3.316 3.316      
11.2 4.355 4.854 4.854 4.854      
9.5 4.008 4.509 4.509 4.509      
8 4.017 4.344 4.344 4.344      
6.3 4.442 4.825 4.825 4.825      
4.75 4.704 5.115 5.115 5.115      
3.35 1.087 1.600 1.600 1.600      
2.36 0.001 0.415 0.415 0.415      
1.18 0.000 0.519 0.519 0.519      
0.6 0.000 0.363 0.363 0.363      
0.3 0.000 0.265 0.265 0.265      
0.15 0.000 0.188 0.188 0.188      
0 0.000 0.460 0.460 0.460      
 ?
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Affect?of?feed?rate???porphyry?copper?
 Table 55: Product PSDs of porphyry copper passing through a jaw crusher with varying feed rates. Power data is shown and 
values were calculated using JKSimMet. 
CSS (mm) 75    
   
      
   
  Product PSD  
   Feed rate (t h-1) 
10 333 657  
Feed rate (t h-1) Power draw (kW) 
Size (mm) Feed  10 81.276 
460 0.000 0.000 0.000 0.000  60 87.658 
290 10.000 0.000 0.000 0.000  110 94.039 
230 6.124 0.000 0.000 0.000  160 100.42 
145 8.876 0.000 0.000 0.000  210 106.802 
115 6.273 0.030 0.030 0.030  260 113.183 
87 5.808 3.027 3.027 3.027  310 119.565 
50 7.576 23.930 23.930 23.930  333 122.5 
45 3.841 5.646 5.646 5.646  357 125.563 
37.5 6.366 9.943 9.943 9.943  407 131.945 
31.5 5.695 7.916 7.916 7.916  457 138.326 
26.5 5.173 7.045 7.045 7.045  507 144.707 
22.4 3.604 4.851 4.851 4.851  557 151.089 
19 3.030 4.061 4.061 4.061  607 157.74 
16 2.544 3.346 3.346 3.346  657 163.851 
13.2 2.476 3.223 3.223 3.223     
11.2 4.355 4.802 4.802 4.802     
9.5 4.008 4.459 4.459 4.459     
8 4.017 4.319 4.319 4.319     
6.3 4.442 4.791 4.791 4.791     
4.75 4.704 5.094 5.094 5.094     
3.35 1.087 1.559 1.559 1.559     
2.36 0.001 0.370 0.370 0.370     
1.18 0.000 0.407 0.407 0.407     
0.6 0.000 0.287 0.287 0.287     
0.3 0.000 0.222 0.222 0.222     
0.15 0.000 0.167 0.167 0.167     
0 0.000 0.507 0.507 0.507     
 ?
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Affect?of?feed?rate???copper?carbonatitie?
 Table 56: Product PSDs of copper carbonatitie passing through a jaw crusher with varying feed rates. Power data is shown 
and values were calculated using JKSimMet. 
CSS (mm) 75    
   
      
   
  Product PSD  
   Feed rate (t h-1) 
10 333 657  
Feed rate (t h-1) Power draw (kW) 
Size (mm) Feed  10 81.367 
460 0.000 0.000 0.000 0.000  60 88.2 
290 10.000 0.000 0.000 0.000  110 95.034 
230 6.124 0.000 0.000 0.000  160 101.868 
145 8.876 0.000 0.000 0.000  210 108.701 
115 6.273 0.033 0.033 0.033  260 115.535 
87 5.808 3.210 3.210 3.210  310 122.368 
50 7.576 24.260 24.260 24.260  333 125.512 
45 3.841 5.622 5.622 5.622  357 128.792 
37.5 6.366 9.870 9.870 9.870  407 135.626 
31.5 5.695 7.836 7.836 7.836  457 142.459 
26.5 5.173 6.965 6.965 6.965  507 149.293 
22.4 3.604 4.778 4.778 4.778  557 156.127 
19 3.030 3.996 3.996 3.996  607 162.96 
16 2.544 3.290 3.290 3.290  657 169.794 
13.2 2.476 3.170 3.170 3.170     
11.2 4.355 4.768 4.768 4.768     
9.5 4.008 4.437 4.437 4.437     
8 4.017 4.308 4.308 4.308     
6.3 4.442 4.792 4.792 4.792     
4.75 4.704 5.122 5.122 5.122     
3.35 1.087 1.621 1.621 1.621     
2.36 0.001 0.446 0.446 0.446     
1.18 0.000 0.543 0.543 0.543     
0.6 0.000 0.339 0.339 0.339     
0.3 0.000 0.220 0.220 0.220     
0.15 0.000 0.139 0.139 0.139     
0 0.000 0.235 0.235 0.235     
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Figure 38: Acoustic and vibration readings from blast 1. 
  
M. J. A. Ruszala MRes Chemical Engineering Sciences May 2013 
154 
 
Blast???
 
Figure 39: Acoustic and vibration readings from blast 2. 
